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Abstract 
The interactions between fullerene cages and Si {100) surfaces are studied using 
density functional theory. This has previously been studied and the molecules 
are found to bind in four different locations upon the dimerised Si (100) surface. 
These are above the dimer row bound to one or two dimers (rl and r2 respectively) 
and within the dimer trench bound to two or four dimers (t2 and t4 respectively). 
Here we focus on the r2 and t4 configurations as these were found to have stronger 
binding energies due to the four bonds forming between cage and surface rather 
than two. The rl and t2 sites are actually metastable and minor displacements 
of the cages result in them falling in to one of the energy minima of the t4 and 
r2 sites. All of the configurations discovered by Godwin et al. via PLATO, are 
verified as are three of the additional configurations from the study by Hobbs et al. 
which used the SIESTA software package. A more complete basis set is employed 
here to ascertain the effect it has upon the basis set superposition error. It is found 
to reduce it to negligible levels. 
The Cs2 molecule is also investigated. The molecule is considerably less sym-
metric than the C60 cage and this complicates the problem substantially. There 
are many ways to place the C82 molecule into each configuration whereas there 
is only one unique way to place the C60 due to the equivalence of each atom. A 
smaller selection of configurations is chosen, but three separate simulations are 
carried out for each with different orientations of the C82 cage considered. These 
are distinguished by the amount of pentagons in the vicinity of the bonding re-
gion as there is an associated amount of strain energy with each pentagonal ring. 
The binding energies are found to vary substantially within each configurational-
though there is found to be no consistent trend between the strength of interaction 
between cage and surface and the amount of pentagons. When the rebonding is 
examined within the cage through Bader analysis, it is found that the change that 
bonds in a certain region undergo correlate strongly with the binding energy when 
considering separate sets of orientations within a configuration. When compared 
with the rebonding that takes place for C60 we find it to be less 'clean' for C82 . 
The effects of placing more than one C60 cage upon the same surface within 
the same trench are studied. It is found that as the distance between the cages 
is reduced the systems become less favourable. Cages are placed in all possible 
combinations of the original t4 configurations, as such it is not possible to choose 
the separations between the cages; it is dictated by the two configurations. A 
degree of interaction is clear in some cases, as bonds form between the cages and 
in two cases the cages undergo substantial atomic rearrangement. The favourabil-
ity of each configuration combination is defined to be the difference between the 
binding energies of the isolated cages in the same configurations that make up the 
configuration combination and the configuration combination itself. In all but one 
case we find the configuration combination to be less favourable than two isolated 
cages. It is seen that closer separations between cages result in less favourable 
configuration combinations. The distances between the cages investigated are less 
than in fullerite and than have been achieved experimentally and this would also 
seem to indicate that separations of this magnitude are unfavourable. 
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Chapter 1 
Introduction 
The fu llercne a llotrope of carbon was d iscovered in 19 5 [1] and is famous for the 
closed ball structure that the molecules take. The most famous member of this 
family is the highly regular buckminsterfullerene which is shown in figure 1.1 and 
consists of s ixty carbon atoms. Since the discovery many applicat ions have been 
suggested t hat take advantage of the molecules shape, with some products already 
commercia lly available such as fullcrene face cream [2] and a ' free radical sponge' 
[3]. 
Figure 1.1: The closed ball structure of the C60 molecule. 
Wi thin t.he research presented here we will be focussing on the interaction 
between fullcrene molecules and silicon surfaces. These are of interest for many 
14 
reasons, for the fundamental science involved and also for applications that would 
involve these systems such as quantum computers and self-constructing nano struc-
tures. Of key importance for these applications is the ability to manipulate 
molecules upon surfaces and this has attracted much interest in recent years 
[4, 5, 6, 7, 8, 9]. Fullerenes are amongst the biggest to have been successfully 
and consistently manipulated and this is in part due to their physical structure, 
the closed ball shape having a small region available to interact with the surface 
and a large cross-sectional area being available to interact with a suitable manip-
ulation device. So far, the majority of work has involved a scanning tunnelling 
microscope (STM) tip as the manipulation device, but research is now moving 
on to explore the potential for atomic force microscopes (AFM) to manipulate 
molecules. 
Quantum computers have been attracting much interest recently and some of 
the proposed quantum computer architectures involve a key role to be played by 
fullerenes. Fullerene cages are able to encapsulate single atoms, and when the atom 
is a species with an unpaired electron, it is thought that the spin of this electron 
could represent a qubit within a quantum computer [10, 11]. One architecture 
specifically of interest here involves operations being performed on the spin of the 
unpaired electron by gates upon a silicon surface that couple with the fullerene 
cages. Therefore it is necessary to understand the interactions between fullerene 
cages and silicon surfaces in as much detail as possible. So far, this architecture 
seems to be promising and it is argued in [11] that it already fulfills the first four 
of the critical DiVincenzo criteria which are: 
1. There must be a scalable physical system with well characterised qubits. 
2. There must be a way to initialise the qubits to a known state, e.g. IO). 
3. The state of the qubit must have a long enough decoherence time for it to 
be measured in some way. 
4. There must be a set of quantum gates to operate on the state of the qubit. 
5. There must be a way to measure the state of the qubit. 
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Endohedral fullerenes perform particularly well regarding the third criteria, 
with decoherence times of the order of seconds. There are also proposed routes 
towards endohedral fullerenes meeting the fifth criteria. 
Previously the interactions between fullerenes and silicon surfaces have been 
studied experimentally [4, 5, 6, 7, 8, 9, 12, 13, 14, 15, 16] and computationally 
[7, 8, 17, 18, 19, 20]. The Si (100) surface dimerises, forming trenches that run 
between dimer rows. Experimental studies showed that the C60 molecules sit in the 
trench unless the system is heated [5]. Binding energies calculated computationally 
through density functional theory (DFT) methodologies show that the interactions 
tend to be stronger when the cages sit in the trench rather than on the rows 
[17, 18, 19, 20]. 
Within the work presented here, we seek to extend the initial ab-initio studies 
by examining the original system involving C60 in more detail, before moving on 
to study new systems. Prior to this, some background to the problem is described 
in the next two chapters. Chapter two describes the ab-initio code PLATO [29] 
which is employed to model all of the systems we consider. PLATO is built upon 
a DFT methodology and this is also described in some detail. 
The following chapter gives an overview of the previous work that has stud-
ied the interactions between fullerenes and silicon surfaces, both computation-
ally and experimentally. Experimental work includes the manipulation of the 
fullerene cage across surfaces induced by a scanning tunnelling microscope (STM) 
tip [4, 5, 6, 7, 8, 9], as well as ways to alter the packing of fullerenes upon surfaces 
by attaching addends to the cages [12, 14, 16]. Some experimental work has exam-
ined endohedral molecules and it is encouraging that the presence of an endohedral 
atom does not seem to significantly affect the nature of the interaction between the 
molecule and the surface [21]. Computational work has examined the interactions 
between C6o and Si (100) in some detail. The first study identified different ways 
for the C60 cage to sit upon the surface and the strength of the interactions [17, 18]. 
A subsequent study confirmed the initial work and identified some extra ways for 
the cage to sit upon the surface [19, 20]. This study also examined the effects of 
basis set superposition error (BSSE) on the systems. Both studies examined the 
rebonding that occurs within the C60 cage in order for it to form bonds with the 
surface. 
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The fourth chapter presents results obtained for the further examination of the 
interactions between C6o and Si (100). The initial configurations that the cage 
takes upon the surface are confirmed apart from three from [19, 20] which we were 
not able t~ recreate. This time the systems were examined using a more complete 
basis set than previously, to ascertain the effect that this has upon the BSSE. The 
systems are then analysed via Bader bonding analysis and for the most part this 
confirms strongly the rebonding described in previous studies. 
Chapter five moves on to a system involving a larger fullerene cage, C82 . The 
larger cage brings with it complexities, the most significant being that there is now 
more than one way of placing the cage into each configuration. A smaller selection 
of configurations are chosen and these are examined for different orientations of 
the cage within each one. This causes the binding energies to vary to a surprising 
degree. Bader analysis is performed upon these systems to examine the re bonding 
that takes place within the Cs2 cage and to compare this to how the C60 molecule 
behaves in the same configurations. 
The sixth chapter examines the final system. Two fullerene cages are placed in 
close proximity to one another within the same unit cell in all possible combinations 
of trench configurations. In many cases a degree of interaction is seen between 
the fullerene cages. In some of these we see large distortions in the two cages. 
The bonding between the cages is examined. Systems of this nature are found 
to be unfavourable when compared to having the cages further apart and this is 
attributed to the fact that the distorted structures are less energetically favourable 
than when the cages are further apart. 
Finally, overall conclusions are drawn and proposals for further computational 
work are suggested. 
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Chapter 2 
Ab-initio Calculations 
2.1 Background 
When investigating the properties of solids there are two approaches one may 
take. The first is to perform physical experiments; the second is to simulate the 
system on a computer. Ultimately, of course it is beneficial to be able to use both 
approaches. Here though, we will be using an ab-initio methodology to solve an 
approximation to the time independent Schrodinger equation. 
2.1.1 The Born-Oppenheimer approximation 
The Born-Oppenheimer approximation [22] allows us to begin to simplify the prob-
lem at hand. The Coulombic potential 
(2.1) 
is of equal magnitude for the nuclei and the electrons and so. the momenta of both 
will vary equally as this force changes. However, as the nuclei are substantially 
more massive than the electrons their velocities will be considerably smaller. It is 
therefore reasonable to assume that the nuclei are stationary whilst the electrons 
relax to the instantaneous ground state configuration. Because of this, we can de-
couple the electronic and nuclear motion and solve solely for the electronic ground 
state within a nuclear configuration. The advantage of this is that it reduces the 
amount of variables within the time independent Schrodinger equation substan-
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tially. This approximation has been used in many solid state physics methodologies 
since its development. 
2.1.2 Schrodinger's equation 
The time independent Schrodinger equation for a single electron moving in a po-
tential V ( r) may be solved and is given by 
[- 2~ V'2 + V(r)] ll!(r) = Ell!(r) (2.2) 
For systems containing N electrons the equation becomes 
as we now have to take into account the Coulombic interaction between the elec-
trons. It is because of this that we must now employ approximations to allow us 
to proceed. 
2.1.3 Density Functional Theory (DFT) 
Over the years many different ways of dealing with many-body systems have been 
proposed. Many methods involved dealing with a highly complex many body 
wave function that is extremely computationally expensive. Hohenberg and Kohn 
in 1964 laid the foundations of DFT by proving that the external potential V.xt 
is determined within an additive constant by the ground state electron density 
n(r) [23]. Therefore since the Hamiltonian is determined fully, the full many body 
wave function is entirely determined. The proof is surprisingly straightforward 
for such a significant result. Supposing that two external potentials V.~[(r) and 
V.~/ ( r) that differ by more than a constant, have the same ground state density 
n(r). V.~}(r) and V.~}(r) will lead to two different Hamiltonians H(') and H(2) 
respectively which will have different wave functions w<1l and w<2l. So by the 
minimal property of the groundstate 
E''> = (w<'> IH(ll 1 w<'>) < (w<2> IH(ll 1 w<2>) 
= (w<2liH<2J + V.~}(r)- V.~}(r)lw<2l) 
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(2.4) 
as the Hamiltonians differ only by the potential. So 
E(!) < E(Z) + j dr(V.W(r)- V.~{(r))n(r). (2.5) 
The equivalent is true for E(2) 
E(z) < E(ll + j dr(V.~[(r)- V.~{(r))n(r) (2.6) 
which leads to the contradiction that the two different potentials must lead to two 
different ground state energies. Therefore Vext must be a unique functional of n(r) 
and since the Hamiltonian is dependent only on the potential then the many body 
ground state must also be a unique functional of n( r). The key achievement is 
that the many body problem has been mapped from the many body wave function 
containing 3N variables to the electron density, a function of just 3 variables. They 
then define the energy functional as: 
Erotal = EHK[n(r)] = j n(r)V.xt(r)dr + F[n(r)] (2.7) 
where 
F[n(r)] =(wiT+ Ulw) (2.8) 
is a universal functional that is valid for any potential and any number of particles 
and T and U are the kinetic energy and the electron-electron interaction term 
respectively. 
The second part of the work by Hohenberg and Kohn provides a variational 
principle for the density. It states that if a trial density integrates to the correct 
number of electrons, N 
j n(r)dr = N (2.9) 
then 
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EHK[n(r)] ;:::: Egroundstate (2.10) 
and therefore we can minimise the energy functional to achieve the correct ground 
state energy. Although Hohenberg and Kohn proved the existence of the one 
to one mapping between the ground state density and energy it was Kohn and 
Sham in 1965 who provided the most used mapping to date [24]. Their method 
allows EHK[n(r)] to be minimised by varying n(r) over all densities containing N 
electrons. 
The difficulties arise because the exchange correlation energy which is contained 
within U in the universal functional, cannot be exactly calculated except for an 
electron gas and the kinetic energy must now be expressed in terms of the charge 
density. They proposed that the sum of the squares of a set of N orthonormal 
wavefunctions is equal to the charge density: 
N 
n(r) = L IV>;(rW (2.11) 
and these wavefunctions are solutions to the Schrodinger equation for non-interacting 
electrons moving in an effective potential that is a functional of the density v;,11[n(r)]: 
(2.12) 
where 
V.f![n(r)] = V.xt(r) + VHartree + Vxc (2.13) 
and V.xt, VHartree and Vxc are the potentials felt by the electrons due to the nuclei, 
the Coulombic interaction with the other electrons (the Hartree potential) and the 
exchange-correlation potential, respectively. Equations 2.11 to 2.13 are known as 
the Kohn Sham equations and are solved self consistently by using a trial density 
to evaluate a set of wavefunctions. 
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2.1.4 Periodic Boundary Conditions 
For most systems of interest the issue of what to do at the boundaries has to be 
solved. Unless one wants to specifically simulate a cluster of atoms it is necessary 
to employ periodic boundary conditions (PBC's). Without them, over a relatively 
small local region there will be atoms that should be equivalent but that have dif-
ferent amounts of nearest neighbours. This leaves a disproportionate ratio between 
bulk and surface atoms and can cause surface effects to lead to unrealistic results. 
PBC's cause the unit cell to be repeated to infinity in each Cartesian direction. 
Therefore each atom is now repeated an infinite number of times, once in each box. 
So in solving the initial problem, another is created which is how to deal with the 
now infinite number of atoms. Bloch's theorem is key here. 
Bloch's Theorem 
We are considering non-interacting particles moving in a periodic potential. In a 
perfect crystal the nuclei are arranged in a regular periodic array that are described 
by a set of Bravais lattice vectors R 1• The system is infinite and therefore invariant 
upon translation by any of these vectors. The potential is periodic so 
V(r + R) = V(r) (2.14) 
for all R1. The motion of a single particle in this potential is described by the 
Schriidinger equation. Translation operators T R for each of the lattice vectors R 
are defined to act on a function that describes position J(r), in the following way 
TRJ(r) = f(r + R) (2.15) 
As the potential is periodic, the Hamiltonian is also periodic and therefore will 
commute with the translation operators 
[T, H] = 0 for all R (2.16) 
Therefore, due to the commutativity of the operators there must exist a good 
quantum number that corresponds to each lattice vector R and so it must be 
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possible to choose eigenstates of the Hamiltonian to simultaneously be eigenstates 
of the translation operators. 
HI~/~)= EIV.)Ta = c(R)IIP) (2.17) 
Due to the commutativity of the translation vectors the eigenvalues must satisfy 
the following condition 
c(R + R') = c(R)c(R') (2.18) 
If we let a1 be the three primitive lattice vectors, then the eigenvalues can be 
defined in terms of three suitably chosen complex numbers, X; by 
(2.19) 
All lattice vectors may be expressed in the form 
(2.20) 
and so we see that the eigenvalues may be expressed in the following way 
(2.21) 
which is equivalent to 
c(R) = eik.R (2.22) 
where k = x1g1 + x2g2 + x3g3 and g1 are reciprocal lattice vectors such that, 
(2.23) 
It is therefore shown that 
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Ta'l,b(r) = .,U(r + R) = c(R).,U(r) = eikR.,U(r) (2.24) 
If we now consider the function u(r) = e-ik.R.,U(r) then we see that 
u(r + R) = e(-ik[r+Rll.,U(r + R) = e-ikr.,U(r) = u(r) (2.25) 
so the function u(r) has the periodicity of the lattice. Therefore the wavefunction 
may be expressed as 
(2.26) 
and this is Bloch's theorem. However, there are still issues regarding the now 
infinite size of the system, this seems to conflict with a previous statement that 
j n(r)dr = N (2.27) 
as integrating this expression over all space will result in an infinite number of 
electrons. The way of dealing with this problem is to now consider two separate 
types of integrand, those which are cell periodic and those which are not. Cell 
periodic integrands will be integrated over one unit cell only, whereas non-cell 
periodic integrands will continue to be integrated over all space. 
2.1.5 Exchange Correlation Functionals 
Electrons are fermions and as such they have antisymmetric wavefunctions. The 
antisymmetry produces a spatial separation between electrons with the same spin 
and this in turn reduces the Coulomb energy of the electronic system. This reduc-
tion in energy is known as the exchange energy. 
The Coulomb energy is decreased further if electrons that have opposite spins 
are also spatially separated and this is known as the correlation energy. The result 
of this is an increase in the kinetic energy of the system. 
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An exact form for the exchange-correlation energy is not known and therefore 
the accuracy of all DFT calculations is highly dependent upon the approximation 
that is employed for calculations. 
The local density approximation (LDA) is often used to approximate the exchange-
correlation energy. A volume element is picked and the charge density n0 within it 
is measured. The exchange correlation energy of a uniform electron gas of density 
no is then assigned to this volume element. The values of the exchange correla-
tion energy of the uniform electron gas, Exc, were calculated using quantum Monte 
Carlo methods by Ceperley and Alder [26]. The LDA is an approximation due to 
the probable non-uniform nature of the charge density throughout the system. 
The LDA is given by: 
E~cDA[n(r)] = J €xc(n(r))n(r)dr, (2.28) 
where Exc is the exchange correlation energy of the system in question. 
A subsequent exchange correlation functional was developed that added gra-
dient corrections to the LDA [27]. This is known as the generalised gradient 
approximation: 
E;;,cA[n(r)] = J Exc(n(r), \7n(r))n(r)dr (2.29) 
The GGA is more computationally expensive and does not offer a consistent 
improvement over the LDA. However, there are some properties which it improves 
significantly. In particular, the LDA is prone to finding binding energies near 
surfaces that are unrealistically strong; the GG A provides us with much better 
results for these energies. 
2.1.6 Pseudopotentials 
· The interactions between atoms are governed primarily by the valence electrons 
as these are much less tightly bound to the nucleus than the core electrons. This 
is advantageous, as by introducing a potential that matches the correct one over 
a given cut-off radius re, we can then approximate the potential close to the nu-
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cleus and not see any signifi cant difference in the behaviour of the atoms during 
simulations. 
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Figure 2.1: Schematic of a pseuclopotentia l. A necessary condition i that the 
pseudopoLcnt ial matches the origina l potentia l H bovc a fi nite distance from the 
nucleus, this is known as the cut-off radius 1'c . 
Figure 2.1 shows a pseudopolential Vps and the original potentia l V . Pseu-
dopotentials used in this work arc of the type developed by Hartwigen , Goedecker 
and Hutter [2 ]. The local part of the psuedopotentia l is described by 
( ) [ ( )2] -Zion r· 1 T \1/oc(r) =--erf Ji. + exp --2 -. -r 21toc r loc 
X [ c l + C'2 (-!--) 2 + C3 ( ;-) 4 + C,i ( ;-) 6] 7~ 7~ 7~ (2.30) 
where erf is the error function. Z,011 i the total charge minus the charge cont ributed 
by the valence electrons. C11 are pammeters determined by min imising the differ-
ences between the eigenvalurs and the cha rges within an atomic phere for an a ll 
electron atom and a pseucloatom. The loca l part of t.he pseudopotential uses the 
same potent ial for all t he angular momentum components of the wa\·c function. 
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The non local part is given by 
3 3 +I 
vt(r, r') = L L L Yl,m(r)p~(r)h~p~(r')Yi~m(r') (2.31) 
i=l j=l m=-l 
where Yl,m are spherical harmonics which are the angular portion of the solution in 
spherical co-ordinates to Laplace's equation and pl(r) are projectors. Pseudopo-
tentials that are separable in such a way enable the eigenstates to be found in a 
more straightforward manner. Orbitals are represented within the local part as 
a logarithmic mesh and are extrapolated out from the core where the asymptotic 
form is known. Grid based methods are not as efficient when other types of pseu-
dopotential are employed as the whole orbital is required to be known at each 
point. 
2.1. 7 Basis Sets 
A basis set is a set of mathematical functions that describe the wavefunctions of 
the constituent electrons. Much of solid state physics employs plane waves as the 
basis set but these are prone to reveal their limitations when performing total 
energy minimisations [29], their main restriction being that they are wasteful of 
time and memory when orthogonalising the eigenstates to one another with N 3 
scaling. Plane waves are therefore not ideal for modelling large systems. Another 
weakness is that they are also wasteful of time and memory when there is a large 
amount of vacuum in the unit cell. 
The basis sets used for this work are numerical, fixed energy atomic type or-
bitals. They provide a good balance between speed and accuracy, which is ideal for 
atomistic simulations in large unit cells. They are generated by effectively trapping 
an atom of the desired species in an infinitely deep spherical square well potential 
which forces the orbitals to go to zero at a finite radius. A self consistent calcu-
lation is performed upon this system. It is then necessary to smooth the orbitals 
so that the first and second derivatives go to zero at the cutoff radius re of the 
orbitals. This helps yield well defined kinetic energy integrals. 
The simplest basis sets are known as minimal and as their name suggests they 
are composed of the minimal number of basis functions needed to describe the 
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electrons on each atom. However, often it is necessary to use a more complete basis 
set and one way of achieving this is to generate extra basis functions from charged 
atoms to add to those from the neutral atom. We will be using two basis sets 
throughout this research, a double numeric with single polarisation (DNP) which 
contains 13 basis functions for the silicon and carbon atoms, before moving on to 
a more complete triple numeric with double polarisation basis set that contains 22 
basis functions for each of the silicon and carbon atoms. 
2.1.8 Binding Energies 
The most important quantity we will be considering for the systems examined in 
this thesis is the binding energy between the two fragments. This is a measure 
of how much energy would be needed to be put in to the combined system to 
return the components to their isolated states. The binding energy between two 
fragments A and B is calculated via the following formula 
Ebinding = Ecombined System AB- (Eisolated Fragment A+ Elsolated Fragment a). (2.32) 
When calculating binding energies between components consisting of different 
species using atomic type basis sets the results may suffer from basis set superposi-
tion error (BSSE). This is due to the fact that the different species will have basis 
sets containing different basis functions, but there will be regions of the combined 
system where the two species are in very close proximity to each other. This leads 
to the wavefunctions of each species being expanded to some extent with the other 
species basis functions. This leads to an inconsistency in the completeness of the 
basis sets used for the isolated components and for the combined system and causes 
an artificially deep energy minima. BSSE is clearly an unphysical effect and is a 
limitation of the basis set rather than the manifestation of a physical process. 
There are three ways of combating BSSE. 
1. The Counterpoise method [30]. 
2. The Chemical Hamiltonian approach [31], 
3. By extending the basis set. 
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The Counterpoise method 
The counterpoise method was developed by Boys and Bernardi [30] and attempts 
to reconcile the completeness of the basis sets used for the isolated components with 
the one that results in the combined system. The basic premise of the counterpoise 
method is that the error introduced by the more complete basis that results for the 
combined system will be equal to the difference between the energies of the two 
components calculated with the original isolated basis sets and the more complete 
combined basis set. We can express this as: 
(2.33) 
where paranthesis indicate the fragment and the subscript indicates the basis set 
used. So EA(A) and EB(B) indicates the energy of fragment A and fragment 
B respectively calculated using the basis set for that species only. EA8 (A) and 
EAB(B) indicate the energy of the isolated fragments A and Busing the basis set 
AB that results from both sets of orbitals. The counterpoise method is therefore 
an a posteriori method and only corrects the binding energy for BSSE. All other 
quantities within a calculation will still be contaminated. It is also thought by 
many that the counterpoise method is prone to overestimating the BSSE [32]. 
The Chemical Hamiltonian approach (CHA) 
The CHA was developed by Mayer [31] and essentially comes at a fundamen-
tally different angle than the counterpoise method. It is an a priori method that 
identifies the terms within the Hamiltonian that will be responsible for causing 
the BSSE. This is achieved by modifying the inter-component integrals of intra-
component operators so that the free monomer wavefunctions remain unchanged 
in the extended basis. Therefore, all calculations involve wavefunctions that are 
BSSE free throughout and all quantities remain uncontaminated by the effects 
of BSSE. This method tends to give very similar binding energy results to the 
counterpoise method. 
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Extending the basis set 
As BSSE is caused by incomplete basis sets it is natural to assume that the mag-
nitude of the BSSE will decrease as the completeness of the basis set is increased. 
We will be examining this hypothesis in the early part of this thesis where we 
compare results between calculations carried out with basis sets of varying com-
pleteness, namely the DNP and TNDP basis sets described earlier. These will also 
be compared to results gained using a plane wave basis as well as a set of results 
that have been corrected with the counterpoise method [20]. 
2.2 PLATO 
All calculations carried out in the process of this work were performed with the 
PLATO (Package for Linear combination of Atomic Type Orbitals) software suite 
[29]. This is an ab-initio tight binding code that uses atomic type orbitals of 
finite range and norm conserving pseudopotentials to represent the electron-ion 
interactions. The local part of the pseudopotential is combined with the spherical 
electrostatic potential to produce the short ranged atomic potential. PLATO also 
has the option of using the LDA or the Perdew-Burke-Ernzerhof GGA [27] as the 
exchange correlation functional. 
2.2.1 Methodology 
The goal for PLATO is to evaluate the total energy expression 
0 1/ Etotal = L /;E;- 2 VHartree[n]n(r)dr + Exc[n]-
' J 1"" Z1Z1 Vxc[n]n(r)dr + 2 ~ IR _ R I Iil I 1 
(2.34) 
The first term is the single particle energy where E; represents the. eigenvalues of 
the Hamiltonian and j; is the corresponding occupancy. The next three terms 
represent the double counting energy and the final term is the interaction between 
ions. The Hamiltonian is given by 
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' ' I H = T + V.-ion(r,r) + Vnartree[n] + Vxc[n] (2.35) 
where T is the kinetic energy operator, V.-ion describes the potential between the 
electrons and the nucleus, Vnartree is the Hartree potential, given by 
J n(r1) 1 Vnartree[n] = lr _ r1l dr 
and Vxc is the exchange correlation potential given by 
lT [ ]- 8Exc[n] 
vxc n - on(r) . 
(2.36) 
(2.37) 
As localised basis sets are employed by PLATO, the eigenstates IV>•) are ex-
panded in linear combinations of the basis functions I<P1a) where I and a are site 
and orbital indices respectively. 
we can now express the Schrodinger equation 
by substituting in equation 2.38 as 
la la 
The Hamiltonian matrix elements are defined as 
H1a,J(3 = j <Pla(r)T<PJ(3(r)dr 
+ j j <Pla(r)V.-ion(r, r')<I>Jp(r')drdr1 
+ j <Pla(r)Vnartree[n; r]<I>Jp(r)dr 
+ j <Pla(r)Vxc[n; r]<I>Jp(r)dr 
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(2.38) 
(2.39) 
(2.40) 
(2.41) 
where H1a,Jf3 = (Ja[HIJ,B) and <!>Ia(r) = (r[</>Ia). When la f. J,B we are dealing . 
with a hopping integral. The diagonal elements H 1a,Ia are the atomic orbital 
energies. The overlap integrals are given by 
(2.42) 
and our situation has now reduced to the solution of the generalised eigenvalue 
problem. 
"' (i) "' (i) L...J Hia,Jf3C Jf3 = E; L...J Sia,Jf3CJf3 
J(3 J(3 
(2.43) 
The pseudopotential can be split into local and non-local parts, v;,~eudo and V:Se~do 
respectively. The local part of the pseudopotential can be combined with the 
Hartree potential resulting from the groundstate density, V};artree• to give the neu-
tral atom potential, 
V N A = v;,~eudo + vi; artree . (2.44) 
As the local part of the pseudopotential is equal and opposite to the Hartree 
potential caused by the charge density of the neutral atom they will cancel outside 
the cutoff radius and this causes the neutral atom term to be short ranged. 
The next step is for the integrals to be evaluated and tabulated and this occurs 
before the simulation is performed for certain quantities. The non-local part of 
the pseudopotential is dealt with prior to the simulation along with the orbital 
overlap, kinetic energy, the ion-ion electrostatic interaction and the one and two 
centre neutral atom terms. 
All of these integrals can then be interpolated during the simulation. Rotations 
are dealt with by Slater-Koster tables [33] meaning that only the ssu, spu,ppu,ppn, 
sdu, pdu, pdn, ddu, ddn and ddo hopping integrals need to be stored as all others 
will be zero. 
Three centre integrals have to be dealt with differently. The Hartree potential 
is split into two parts, Vliartree which results from the neutral atom charge no(r) 
and v~artree which results from on(r) which is equal to the difference between the 
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actual charge density and that from the neutral atom, n(r)- no(r). The VJlartree 
term is expressed as part of the neutral atom potential. 
The neutral atom term varies depending on the atomic species as well as spa-
cial coordinates, so each atom is dealt with individually. The matrix elements of 
VJartree and the exchange correlation potential Vxc[n(r)] depend on the self con-
sistent charge. Because of this, n0(r), n(r) and 8n(r) are computed at the points 
of a regular grid in real space. Poisson's equation can then be used to calculate 
the Hartree potential by the method of fast Fourier transforms (FFT). Vxc and 
VHartree are computed at each point of the grid and can then be summed over all 
grid points. The computational effort is substantially reduced by the fact that all 
integrals between orbitals further than twice the cut-off radius will be zero. 
2.2.2 Bader bonding analysis 
PLATO also has the capability of performing Bader bonding analysis [34] upon 
systems using the methodology of Sanville et. al [35]. This analysis enables us 
to characterise a bond by analysing the electron density, n( r) that is output from 
simulations. The analysis proceeds by examining critical points of n(r), which we 
reach when the gradient of the electron denisty vanishes, so, 
V'n(r) = 0 (2.45) 
(2.46) 
These points then need to be classified as maxima, minima or saddle points. Figure 
2.2 shows how n(r) changes with the position between atoms. 
The Hessian matrix is constructed at each critical point of n(r). This is the 
matrix of second derivatives of the electron density with respect to co-ordinates. 
&'n &'n &'n 
&x' &x&y axaz 
H<r<>= &'n &'n &'n &y&x &y' 8y8z 
&'n &'n &'n 
8z8x &z&y 8z'i 
This is a real and symmetric matrix and the eigenvalues can be found by putting 
it into diagonal form. The eigenvectors and eigenvalues are equal to the axes of 
curvature and the corresponding curvature of the bond respectively. The nature 
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Charge 
density ,)====::(atom 
bond 
Figure 2.2: Above we see in one dimension how the electronic charge density varies 
as we move between two atoms. Local maxima are located at nuclei and saddle 
points occur at the bond critical points we are interested in. 
of the eigenvalues also informs us of the nature of the critical point. The critical 
points are classified by their rank w which is the number of non-zero eigenvalues 
and the sum of the signs of these eigenvalues a. They are then presented as ( w, a). 
Critical points with w < 3 are degenerate. These are rare and a small change in 
n(r) will normally cause them to vanish or bifurcate into a non-degenerate critical 
point (w = 3). There are four possible types of non-degenerate critical points: 
1. (3, -3) - Maxima as all curvatures are negative. 
2. (3, -1) - Saddle point. 
3. (3, + 1) - Saddle point. 
4. (3, +3) - Minima as all curvatures are positive. 
We are interested in (3, -1) critical points as these are located between atoms 
that are chemically bonded. These have one positive and two negative eigenvalues. 
The two negative eigenvalues correspond to the negative curvature found in the 
plane perpendicular to the direction of the bond meaning that this part of the 
saddle is a maximum. The positive curvature is along the remaining direction, so 
this part of the saddle point is a minimum. 
If we think of the bond as being between two atoms on cartesian axes with one 
at the origin and one an arbitrary distance along the z axis, then the eigenvectors 
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will be in the x, y and z directions as shown in figure 2.3. We are then concerned 
only with the ratio of the eigenvalues corresponding to the eigenvectors in the x 
and y directions, i.e. perpendicular to the direction of the bond. These are the 
negative eigenvalues; the positive one runs parallel to the z axis. This analysis will 
be very useful for our systems which will be described within the next chapter. 
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Figure 2.3: Profile of a bond. We are interested in the ratio of the two eigenvalues 
running perpendicular to the bond in what will be referred to as the x and y 
directions. 
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2.2.3 Bader charge analysis 
Atomic charge is not a quantum mechanical observable. Computer simulations 
output a continuous electron density and it is useful to be able to assign a certain 
amount of charge to each atom. Bader charge analysis partitions the cell into a 
group of subsystems known as Bader atoms, each containing a certain amount 
of charge. A set of Bader atoms can be defined as regions of the space that are 
bounded by surfaces through which there is no flux of the density. 
V'n(r,) · norm(r,) = 0 for all r, on S(r,) (2.47) 
where S(r,) is the surface surrounding the Bader atom and norm(r,) is a unit 
normal vector to this surface at point r,. Most of the Bad er atoms will contain 
one nucleus, occasionally though a Bader atom will not contain a nucleus. 
In order for the space to be partitioned, the first step is for the gradient vector 
field of n(r) to be traced out. This is a group of vectors that point in the direction 
of the greatest increase of n( r). The gradient of n( r) is calculated and then an 
infinitesimal step is taken in the direction of greatest increase and the gradient 
recalculated. Continual repetition of this process thus produces the trajectories of 
V'n(r). Sets of trajectories terminate at maxima of n(r) which lie at nuclei. Plato 
also has the capability to perform Bader charge analysis, again via the methodology 
developed by Sanville et al. [35]. 
36 
Chapter 3 
Fullerenes on Si (100) 
The fullerene allotrope of carbon was discovered in 1985 during experiments in-
volving carbon clusters and supersonic beams. Peaks were observed in the mass 
spectrum, with especially strong peaks corresponding to molecules with the mass 
of 60 or 70 carbon atoms. The closed cage structure was proposed by Kroto et al. 
[1] and secured him and his fellow researchers the Nobel Prize for Chemistry after 
the structure was confirmed in 1990 by means of infra red spectroscopy .. 
Fullerenes are composed of hexagonal and pentagonal rings. It is the pentag-
onal rings that allow them to form closed cage structures, unlike planar graphite 
which is just composed of hexagonal rings. Each pentagonal ring brings with it 
a certain amount of curvature to the cage, therefore every fullerene will always 
contain the same amount of these (12) regardless of size. This can also be shown 
mathematically using Euler's formula, that 
F+V=E+2 (3.1) 
where F, V and E are the number of faces, vertices and edges of a polyhedron. 
As each edge is shared by two polygons it is apparent that 
E= 5P+6H 
2 
(3.2) 
where P is the number of pentagons and H is the number of Hexagons. It is clear 
that the amount of faces then is simply the amount of hexagons added to the 
amount of pentagons. 
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F=P+H (3.3) 
For a convex polyhedron there cannot be more than three face faces sharing a 
vertex. In the case of a fullerene there will always be three faces sharing each 
vertex so 
V= 5P+6H 
3 
By substituting these three equations into our original expression we get 
p H 5P+6H _ 5P+6H 2 + + 3 - 2 + 
Multiplying through we get 
6P + 6H + lOP+ 12H = 15P + 18H + 12 
The H's cancel and we find that 
P= 12 
(3.4) 
(3.5) 
(3.6) 
(3.7) 
and in fact the smallest possible fullerene is C20 , as it consists only of twelve 
pentagons. 
As the number of constituent atoms increases, so too does the amount of iso-
mers. In fact when we have 60 atoms there are 1812 ways of arranging them. Of 
these arrangements though, 1811 involve at least 2 pentagonal rings being adjacent 
to one another. The remaining isomer has all the pentagonal rings isolated from 
one another and is the arrangement we know as buckminsterfullerene. The isolated 
pentagon rule (IPR) [36] states that isomers which have the pentagons separated 
from one another will be more stable as this spreads the curvature and associated 
strain energy more uniformly throughout the cage. As we consider larger molecules 
the number of IPR isomers also increases rapidly. For example there are nine IPR 
isomers of C82 and 15,655,672 IPR isomers of C200 • 
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3.1 B uckminsterfullerene 
Buckminsterfullerenc is highly Lmiform; in fact it is geometrically a perfect trun-
cated icosahedron which is analogous to the traditional football and is shown 
in figure 3.1. The twelve constituent pentagons arc each 'LllTOtmded by five 
hexagons. Each of these hexagons is in turn surrounded by a lternating pentagons 
and hexagons. 
Figure 3.1: The highly uniform Buckminsterfullerene isomer of C60 . Each atom is 
in an equivalent environment , having two bonds which lie between a hexagon and 
a pentagon, and one bond that lies betwe n two hexagons. 
The uniform nature of the cage i reflected iu the bonding between carbon 
atoms. The traditional way of drawing C60 would be with single bonds between 
the atoms around the pentagons, and alternating single and double bonds arotmcl 
the hexagons. Although this is true to a certain extent , it is really an over-
simplification. Upon examination of bond data which consists of bond energies , 
orders ru1d lengths of an isolated C60 cage it is clear that the bonds all lie some-
where between pure single and double bonds that would be found in alkanes and 
alkenes respectively. However, this is somewhat inconclusive as the three different 
parameters we have for each bond can make it t.ricky Lo get a clear pictme of the 
cage. Bader bonding ana lysis as described in ·ect.ion 2.2.2 was performed upon 
the cage in order to gain a greater insight inlo the characteristi cs of the bonds. 
Fir tly though , in order to g<'t reference points for what we. hall call 'pure' single 
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and double bonds, Bader bonding analysis was performed on the hydrocarbons 
ethane and ethene respectively. The ratios of the negative eigenvalues at (3, -1) 
cri tical points between the two carbon atoms come out as 1.00 for the single bond 
in ethane and 1.27 for the double bond in ethene. When the analysis is performed 
upon the cage we see two distinct types of bond. Both lie somewhere between 
t he pure bonds found in ethane and cthen c, having ratios of 1.12 and 1.18. These 
bonds can be thought of as CJ bonds with a degree of interaction of the p orbitals 
of the constituent atoms. The higher ratio indicates more interaction of these 
orbitals. The arrangement of the bonds is such that the weaker bonds surround 
the pentagons and the stronger bonds exist. everywhere else which matches the 
traditional pictme. 
3.2 Si (100) surfaces 
In this the. is we will be examining the interactions between fu llcrene cages and Si 
(l OO) surfaces. Si licon smfaces often reconstruct in a bid to reduce t heir energy 
[37]. \Vhen bulk ilicon is cut. bond between atom · are broken. these are referred 
to as dangling bonds and may ha ve unpaired electron. upon them. This makes the 
dangling bonds less stable, and this can cause the surface atoms to shift position 
to form climers which lowers the free energy of the system and increases stability 
[3 ]. A surface reconstruction has the bulk periodicity broken and may al. o ha\·e 
a different chemical composition from the bulk. The bulk silicon atoms a rrange 
themselves in a diamond structure [39] . where each atom has fom equidistant 
neighbours that would fit in to Lhe corners of a regular tetraheclrou. F igure 3.2 
displays four of the different surface reconstructions that Si (100) can take and 
table 3.1 displays the smfac energies of different reconstructions calculated using 
the following formula: 
Esurface = ( 2~ (Internal - N E~iulk) ) (3. ) 
where A is the surface area, N is the number of a toms, Egiulk i the energy of bulk 
Si per aLom and Internal is t.he total relaxed energy of our sample surface. 
It is Lhc>rcfore apparent from table 3.1 that the surfaces with t ilted climers are 
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Ill IV 
Figure 3.2: The different Si(lOO) surfaces we consider. The left. mo t diagrams 
in i-iii display the top down view of the surface, while the smaller schematics are 
profile views of the surface dimers. The large circles represent the lop most layer 
of atoms , the smaller circles represent Lhe next layer down. Filled circles represent 
atoms thaL a re higher than the empty ones to produce a tilted dimer. Part {i) 
shows the 1 x 1 surface; part {ii) shows the 2 x 1 symmetric dimer surface; part 
{iii) shows Lhe 2 x 1 tilted dimer sur face and parL (iv) shows the 2 x 2 t ilted climer 
surface. 
slightly more stable than the symmetric dimcrs and that the 2 x 2 tilted dimer 
surface is the most. energetically favourable of those considered here. 
3 .3 Pre vious work 
Previous ab-initio studies have identified four separate groups of configurations. It 
is possible for Lhe cage to sit upon the climer row bonded to one or Lwo climers or 
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Surface Surface Energy (Jm- 2 ) 
1 X 1 0.188 
2 x 1 symmetric dimer 0.131 
2 x 1 tilted dimer 0.121 
2 x 2 tiJ ted dim er 0.118 
Table 3.1: Energies of the different Si(lOO) surface we consider , calculated using 
PLATO. 
within the trench bonded to two or four dimers. These will be referred to as the 
rl , r2 , t2 a nd t4 groups of configurations respectively. In the previous s tudies t he 
silicon surface that was employed was a 2 x 1 t ilted dirner reconstruction. 
The first ab-init io study [17, 1 ] identified four stable t4 configurations shown 
in figure 3.3 and seven stable r2 configurations shown in figure 3.4 as well as three 
configurations each for the r 1 and t.2 groups. The figures show dimer rows of the 
silicon surface as yellow strips, white a reas between the rows are dimer t renches. 
Only the region of the C60 cage that contains the carbon atom that bond to 
the surface a rc shown and the bonding atoms arc highlighted a.'> blue circles. A 
subscqueut s tudy [19, 20] identified some add itional configurations within the t4 
group which a rc shown in figure 3.5. 
t4a t4b t4c t4d 
Figure 3.3: The stable t4. connguraLions identified in [17]. 
Due to the high uniformi ty of the C60 molecule there is only one unique way 
of placing the cage down into each of these configurations. If we consider the r2a 
configuration for instan ce, we ce that the atoms that bond to the 'ilicon surface 
a re locat.ed in adjacent hexagons. Whichever pair of hexagons we choose will not 
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1)3 8 0 0 I 
r2a r2b r2c r2d 
I m rn 0 
r2e r2f r2g 
Figure 3.4: The stable r2 configurations identified in [17] . 
t4e t4f t4g 
t4h t4i t4j 
Figure 3.5: The additiona l t4 configura tions identified in [19]. 
matter as a ll pairs are equivalent . Thi is true for any region of the cage. 
The initial study [17 18] used the PLATO software package described in chap-
ter 2 to explore the systems. A double muneric with single polarisation function 
(Dr P ) basis set and the local density approximation were emp loyed. The simula-
t ion cell con isted of 96 silicon a toms to make up the 2 x 1 tilted dimer surface 
reconstruction with the bottom layer LerminaLecl by 32 hydrogen atoms to saturate 
the dangling bonds, and of course 60 carbon atoms. 
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The subsequent study [19, 20] was performed with the SIESTA software package 
which is very similar to PLATO. A very similar basis set containing the same 
number of basis fw1ctions was used, but this time the calculations were performed 
using the LDA and the generalised gradient approximation (GGA). The basis set 
superposition error (ESSE) was also estimated and removed via the Boys - Bernardi 
counterpoise method [30]. Also, selected configurations were investigated with the 
plane-wave code VASP [40, 41] as means of comparison , as due to the plane wave 
basis set these results would not suffer from BSSE. 
Both studies are essentially in good agreement with each other. They predict 
similar configurations to be the most stable and binding energies typically agTee 
to fractions of eV's. In both studies the majority of the most stable configurations 
are located within the dimer t rench bonded to four dimers. GGA results in [19, 20] 
were of a much lower magnitude than the LDA results from the same study and 
[17, 18]. This is consistent with the consensus that the LDA is prone to overbinding 
with systems of this nature. Also bond lengths between silicon and carbon a toms 
were approximately 0.03 A to 0.05 A longer with the GGA than with the LDA. 
The BSSE was highest for the t4 configurat ion~ which is probably clue to the cage 
sitting closer to the surface than in the other groups giving greater overlap. Once 
the BSSE was taken into accounL the results agreed well with the VASP results. 
a lthough were consistently slight ly lower which suggesLs the counterpoise method 
may have been over correcting. 
The rebond ing that occurs wit.hin the fullerene cage was also examined in these 
studies and ~gain both stud ies fmmd very simila r results. The t4b con figurat ion is 
examined in figure 3.6 where the isolated cage is compared to the molecule after 
it has been relaxed upon t.hc surface. 
Bonds have been depicted as being either single or double for the sake of sim-
plicity. We see that the atoms that bond to the surface are initially double bonded 
to one and single bonded to two other atoms. The 'double' bond breaks and re-
forms as a single bond leaving an unpaired electron which can then form a bond 
between the surface and the carbon atom. The rearrangement further away from 
the atoms that. bond to the surface is marginal. Very similar pictures are observed 
for the other configmations. double bonds break enabling carbon aLoms to form 
bonds with the surface. lt \vas also suggested in [17. 1 J that the s impler the 
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Isolated cage After relaxation upon surface 
Figure 3.6: The rcbonding that occurs within the C60 molecule when relaxed upon 
the silicon surface in the t4b configuration. Large red circles indicate atoms that 
bond to the . urface; all others are represented by small blue circles. The left of 
the figure shows the bonding arrangement of the local region of lhe cage when in 
isolation, the right side. hows the arrangement after relaxation upon the surface. 
bond rearrangement within the cage, the stronger the interaction between cage 
and smface. 
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3.3.1 Manipulation of fullerenes 
Many experimental studies have investigated the manipulation of fu llerenes across 
silicon smfaces. Fullerene cages are thought to be good candidates for manipulation 
via a suitable device, most often a scanning tunnelling microscope (STM) t ip, as 
they have a large cross sectional area to interact with such a device, and only a 
small region that interacts with the surface. It is usefu l to look in detail at the 
manipulation of fullerenes as many of the proposed systems could rely on their 
accm ate manipulation. 
The first successful room temperature manipulation of ful lerene cages was 
achieved in 1995 by researchers at ottingham University [4]. Previously it had 
only been possible to manipulate much more weakly bound molecules that diffuse 
at room temperatme. They performed various experiments where a ST I was used 
to change the molecules position, bonding ites and orientation upon the surface 
[5]. They found that at room temperatme all of the C60 molecules sit within the 
dimer t rench. Upon annealing at 500°c they repor ted t hat some molecules would 
then sit upon the dimer row. 
The manipulation method firstly involves bringing the STl\IJ Lip close enough 
to the sample by decreasing the gap resistance. The tip is then moved a total of 
3 nm across the sample in discrete steps of 0.6 nm in a direction either parallel or 
perpendicular to the dimer rows. The tip is then retracted by increasing the gap 
resistance. 
The Si (100) surface is clearly highly anisotropic due to the rows and trenches 
running through the surface. lovcment through a dimer trench or along a dimcr 
row is clearly going to be quite different than movement in a direction perpen-
dicular to this. Success rates for manipulation vary accordingly. T he probability 
of successfully manipulating the cage parallel to the dimer rows is around 95 %, 
whilst to move it perpendicular to the rows is much less likely, \\"i th a success rate 
of arotmcl 15 %. Interestingly when they attempted to manipulate the molecule 
across the Si (111) 7 x 7 surface the . ucccss rate was between 10 and 50 %, bu t 
the molecule responded in a very similar way to previous! ·, although much le s 
precise p lacement was po sible with th is surface as there are 110 dimer trenches to 
help to guide the molecule. The interaction between ST i'vi tip find the cage a re 
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attributed to repulsive forces. 
When many molecules are present in the same vicinity, they found the equi-
libriwn intermolecular separation between the C60 cages to be ""1.005 run . An 
attempt was made to move one molecule closer to its neighbour which is shown in 
figure 3.7. 
0.8nm 
1.15 nm [ 
t 
STM tip direction 
A B 
Figure 3.7: Par t A shows the initial placement of the fu llerenes. Yellow strips 
repre ent dimcr rows, the space between them are dimer trenches, blue circles are 
fullerene cages. vVhen the STl\1 tip is moved towards cage 1 in part B. cage two 
moves into the adjacent dimer trench. The intermolecula r separation has red uced 
slightly from 1.15 nm to 1.09 nm. 
There was an ini t ial seperation of I"J 1.15 nm which means that a pair of dimers 
lay between the two cages and indicates that they were init ia lly in s imilar configu-
rations. The manipulation of molecule one had to be done carefully so as to ensure 
that the tip did not interact. with molecule two. This wa achieved by choosing an 
initia l posit ion that was far enough a\,·ay from molecule two that no interaction 
would take place. The manipulation of molecule one closer to molecule two results 
in molecule two moving across a climer row into an aclja.ccnt trench <mcl a reduction 
in the separation of "" 0.06 nm. a iLhough both molecu les lHwe moved an additional 
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0.8 run across the smface parallel to the dimer rows. Upon many repetitions of 
this particular experiment molecule two most often moves into another trench, 
although occasionally it is molecule one. The closest that they could get two C60 
cages within the same dimer trench was,....., 1.15 nm. 
A fmther study identified an attractive mode of manipulation for C60 upon Si 
(100) 2 x 1 [6]. The tip is placed above a dimer trench containing a C60 molecule 
about 20 A away. The height of the tip is then reduced by adjusting the applied 
bias Vs and tunnelling cm-rent J, and moved in discrete steps of 1.4 A towards the 
molecule. 
When V., = -2.4 V and It = - 1.1 nA the tip retracts as it approaches the 
molecule and passes over the top. The C60 cage then starts to hop towards the 
tip. vVhen \~ = -2.9 V and I, = - 1.2 nA the interaction changes somewhat. 
This time the molecule hops towards the t ip before the t ip passes over it. In both 
cases the C60 hop. in steps of two lattice constants about 90 % of the time. The 
remaining hops arc either in one or t lu·ee lattice constant steps. These modes of 
manipulation are observed for both positive ru1d negative sample voltages and arc 
shown in figure 3. . 
Vs= -2.4 V 
lt = -1.1 nA 
Vs = -2.9V 
lt = -1.2 nA 
L..,_____ll.__________. 
Figme 3.8: T he figure abm·e shows the two att ractive modes of manipulation 
reported in [6]. The red lines show t he STl\1 t ip t rajectory and the blue lines show 
Lhe direcLion of movement of the C60 cage. 
A change back to a mode of repulsive manipulation i observed when V:q = 1.25 
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V and It = 1.0 nA. This time the molecule hops in steps of one lattice constant. The 
success rate for the repulsive mode is substantially higher than the attractive mode, 
rising to 100 % for some parameter values. The highest seen for the attractive mode 
is rv15 %. 
A combination of experimental data and ab-initio calculations were used to 
investigate further the mechanisms behind the movement of the C60 cage across the 
Si (100) 2 x 1 s urface [7, 8]. The manipulation procedure was similar to the method 
described previously but this time the t ip was moved in much smaller discrete 
steps of 0.014 nm and the tip height was recorded throughout. The results are 
indicative of the molecule undergoing rotation with a period of 4 lattice constants 
(a0), occasionally a period of 3a0 is seen. In total the molecule is displaced 100 A. 
Within the periodic sequences there ru-e differences in the height of the tip at 
the point just prior to the manipulation. This suggests that the C60 molecule is 
moving to inequivalent sites until arriving in the initial configuration so that the 
sequence can repeat. The proposed mechanism explains this by first a suming that 
between manipulation steps the molecule always sits in a t4 configuration. Upon 
manipulation the two bonds closest to the tip (assuming repulsive manipulation) 
break and the remaining two act as a pivot for the molecule to rotate over. This 
brings atoms that were initia lly further away from Lhe surface into positions where 
they can then bond to the surface. Thus. the molecule has now moved one lattice 
constant across the surface. 
The ab-initio part of this study involved identifying possible sequences of t4 
configurations that the C60 cage was taking on between manipulation steps. A 
constrained minimisation technique was used to move the molecule t.hrough the 
trench whereby an atom about half way up the cage and on the side that is going 
to roll towards the surface is chosen to be displaced. It is then moved 0.05 A in 
a direction parallel to the cl imer t rench , and this co-ordinate is pinned. All other 
a toms are free to move, as is the displaced one in the remaining two dimensions . 
This proce s is repeated and gradually moves the C60 molecule through the trench. 
The binding energy of the cage to the surface varies substantially as this process 
is undertaken. It is at the least. negative when the molecule is approximately 2 
A(or half of the latt.ice constant.) from the initial position . This is t.o be expected 
as at this point the cage is held to the surface by only 2 bonds. As t.he process 
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continues we see anot her energy minimum at just under 4 A or one lattice constant 
from the initial position. The molecule is now sitting back in a t4 configuration. 
The molecule was placed upon the surface for the calculation in the highly 
symmetric t4c configuration (see fi gure 3.3 for details) . They could then identify 
a sequence of 4 stable configurations; t4c ~ t4g ~ t4.b ~ t4g* ~ t4c where t4g* 
is a refl ection of t4g and therefore physically equivalent. Other possible sequences 
were ident ified but the above contained the most table configurations. 
The 3a0 sequences are slight variants of the 4a0 sequences. They identified a 
region in the t race of the STM tip height where a 3a0 sequence sits between two 
4a0 sequences. The traces resul t ing from the 4a0 sections are very similar which 
suggests that. after the 3a0 sequence, the molecule is in the same configuration 
in which it started. Therefore a t some point it must have effectively completed 
what are two sl.eps done within the 4a0 sequence in a single step. Further proof 
is provided by the fact that the 3a0 section seems to be composed of subsections 
of the 4a0 scclion. Two of the three steps can be identified as corre. pending to 
the bond pivot. model proposed for the 4a0 sequence. The remaining step must be 
more complex, and one possibili ty is that the t4.b configm ation is mi sed so that 
the 3a0 reads l4.c ~ t4g ~ t4g* -+ t4c. Due to the high symmetry of the molecule 
this is possible but it involves three silicon carbon bonds being broken to a llow the 
cage to rota t.e in multiple direct ion simultaneously. 
An experimental tudy investigated the behaviour of two more exotic fullerene 
cages upon the silicon smface. the endohedral La@C 2 and C 4 molecules [21]. Both 
of the molecules appear to act in t he same way as each other but witl1 a marked 
difference to the smaller C60 cage. Both molecules wi ll bond above the d imer row as 
well as within the trench at room temperature, and this was attributed to the lower 
radius of curvature of local regions of the larger cages which leads to increased sp2 
hybridi ation. Tests involving molecules known to have sp2 hybridised electrons 
such as benzene and peutacene show that they adsorb above the dimer row. 
The presence of the endohecl ral atom within the C82 cage does not appear to 
affect the adsorption sites of these molecules, although this is not totally conclusive 
as the cages are a slightly different size. it is at least very encouraging. 
The response of the La@C82 molecule t.o the room temperature manipulation 
techniques that worked successfully for C60 were then invest iga ted [5]. Similar 
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results were observed with the dimer rows again guiding the molecule acro s the 
surface. A trend was found between the gap impedance and the success rate for 
manipulation. The threshold for successful manipulation was at 1.0 Gn's, with 
the probability rising to 70 % for gap impedances less than 0.6 Gn's. Significantly, 
manipula tion of the molecules that resulted in a final position within the dimer 
trench was not observed which suggests that these are the less stable sites for the 
larger molecules. This again signifies a difference in the behaviom of the molecule 
to C60 , which in the ab-initio studies was found to bond most strongly within 
the dimer t rench. It is still very encouraging that the same technique used to 
manipulate C6o was also successful for the endohedral molecule La@C82 . 
3.3.2 Fullerenes on Ag/Si (111)-( V3 x V3)R30°) and Si (111) 
7 X 7 
The way groups of fu llerene molecules order upon Si (111) surfaces has been in-
vestigated quite extensively us ing u ltra high vacuum (UHV) STM [16, 12, 14] and 
as we wi ll Inter be looking a t fullerene cages in close proximity to one another it is 
interesting to consider their behaviour upon the e surfaces. C60 has been shown to 
form highly ordered island even when the coverage is le s than one monolayer [12] . 
These islands a re genera lly hexagonally ordered with the separation between neigh-
bouring molecules similar to that in bulk fullerite. However, they are noL idenLical 
due to the competit ion between the surface and other molecules for interactions. 
For highly reactive sili con surfaces though, the molecules seem to have less 
freedom to difluse. For instance at low coverages upon the Si. (111) 7 x 7 surfRce, 
some molecules are seen in isolation, suggesting that they are bound more ' trongly 
to the surface. At coverages clo ·e to one monolayer though the ordering gets more 
uniform. In fact double domain ordering i observed which is hexagonal ordering 
in two diiTerE'nt domains. Thi is to be expected for C60 upon a substrate that is 
hexagonally oriented and where the angle bel ween Lhe domains is determined by 
the degree of commensurability hetween the lattice con tant of the smface and Lhe 
intermolecular spacing of the substrate. The angle observed between doma ins for 
Si (111) 7 x 7 is ±11° to the Si [211] direcLion. 
Similar experiments were performed upon the Ag/Si (111)-( J3 x J3)R30° 
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surface. This was chosen as it is an interesting contrast to the Si (111) 7 x 7 being 
less reactive and having a different smface geometry. It 's structure is pictured in 
figme 3.9. 
Figlu·e 3.9: Pictured above is t.he Ag/Si (111)-( J3 x J3)R30° surface. Si and Ag 
t rimers lie on the vertices of a!Lernating hexagons. T hree Si Lrimrrs are sho,vn in 
yellow surrounding an Ag trimer in silver. The uni t cell is pictured in red. 
In contrast to the Si (111) 7 x 7 surface. the C60 molecules arc free to diffuse at 
much lower surface coverages. T he preferred adsorption sites are at step edges and 
\Yi thin defects. At higher coverages the behaviour become identical to that on 
the Si (111) 7 x 7 surface, with ltighly ordered islands exhi biting double domain 
ordering. T his is pictured in fi gure 3.10. 
This is an interesting result because it eems that the cages interact more 
strongly with the Si (111) 7 x 7 smface than they do with the Ag/ Si (111)-
( J3 x J3)R30° smface. yet at high coverages their ordering is ident ical. 
A further study [14] examined the effects of attaching additiona l groups to 
the full erene cages in order to sec what effect this had upon their behaviour. F ive 
phenyl groups were added to the carbon atoms that a re each bonded Lo the vertices 
of a pentagou and a hydrogen a tom is bonded to one of the atoms on t.his pentago n. 
So the molecule in question is pentaphenyl[60)fu llerene, or C60Ph5H. 
The addition of these groups d ramatically reduces t he symmetry of the ful lerene 
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Figme 3.10: The above figure shows the arrangement of C60 molecule upon the 
Ag/Si (111)-( J3 x J3) R30° surface. Cages a re hown in blue or red depending 
upon which of the domains they belong to. The hexagonal packing is illust ra ted 
in green for the red domain. 
cage. \Vhen deposited upon the Si (111) 7 x 7 smfacc ~he molecules were unable 
to diffuse or rotate. Upon the Ag/Si (111)-( J3 x J3) R30° ·urface, however, it 
was apparent that the addition of the extra groups was not affecting Lhe fullerene 
cages' ability to diffuse and rotate; they were adsorbing at step edges and defect 
sites as for the unmodified fullerene cages for low covcrages. Small ordered islands 
also appear aL the e co,·crages. 
The ordering of these islands was investigated further through higher resolution 
images. The molecules appear to be arrru1ging themselves in parallel zig-zag rows 
that run across t he surface. This is shown in fi gure 3.11. 
Interestingly the adsorption site and intermolecular separation has not been 
altered by the phenyl addends, even though the packing ha changed. This suggests 
t.hat the interactions between unmodified parts of the molecule and l.hc surface have 
been unaffected by the modified part of the cage. This suggests that in effect the 
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Figure 3.11: The above figure shows the arrangement of C60Ph5H molecules upon 
the Ag/ Si (111)-( .J3 x J3)R30° surface. The blue circles represent the fullerenc 
cages and the blue hexagons represent the phenyl groups that are attached to 
them. The addition of the phenyl groups has altered the way that the molecules 
sit upon the surface. They now form zig-zag lines that run horizonta lly across the 
figure. One third of the molecules sit above Si trimers with the remaining two 
thirds adsorbing above Ag trimers. 
fullerenc is acting as a glue between the addend and the surface. 
Another study [16] looked into the effect that choosing a molecule '''hich has 
an intermolecular separation commensurable with the underlying surface lattice 
would have upon the ordering of the molecules. Two molecules were chosen, C 4 
and the cndohedral fullercnc La@C82. 
At. low coverages the La@lC 2 molecule form clusters and pairs along t.he step 
edge with an intermolecular spacing of bcLween 1.3 and 1.4 nm which is la rger than 
the bulk separation of 1.12 nm. Similar results were achieved ror other endohedral 
species Y@C82 [13] and d@C82 [15]. The behaviour was attributed to the fact that 
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the molecules have a permanent dipole moment in [13, 15], however, in this study 
a similar amount of pairs were seen as for C60 on the same surface, indicating that 
the dipole moment was not affecting t he interactions. Also the same behaviom 
was noted for Cs4. 
Upon further deposition of La@C82 , small islands begin to form at reactive sites. 
These then grow outwards with the important distinction from the case for C60 on 
this surface that all islands have the same domain orientation. The intermolecular 
spacing is approximately 1.15 nm. All cages are seen to adsorb above Si trimers. 
Again the same behaviour is noted for the non-endohedral molecule C84 and is 
shown in figure 3.12. 
Figure 3.12: The above displays the packing observed for molecules which have an 
intermolecular spacing commensmate with the lattice constant of the surface they 
are adsorbed upon. La C82 and C84 behave in the same manner and are depicted 
as blue circles. 
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3.4 Summary 
Buckminsterfullerene has a highly uniform bonding structure that consists of al-
ternating 'single' and 'double' bonds. Bader bonding analysis shows that there 
the electron density is partially delocalised causing hybridisation of these bonds. 
There are two types of bond; the pentagonal rings are surrounded by weaker 'single' 
bonds whilst the bonds lying between two hexagons are stronger 'double' bonds. In 
reality both of these lie somewhere between 'pure' single and double bonds which 
axe found in alkanes and alkenes respectively. 
Previous ab-initio studies have identified four different sites upon the Si (100) 
surface that the C60 molecule can sit at. The most energetically favourable sites 
were within the dimer trench bonded to four dimers and on the dimer row bonded 
to two dimers. This is due to the fact that the cage can form four bonds to the 
surface in these sites, in most cases for the other two sites only two bonds are 
formed. The configurations within the r1 and t2 sites are metastable and upon a 
minor displacement will relax into one of the r2 or t4 configurations. 
The bonds within the cage located close to the surface must rearrange in order 
for the relevant atoms to be able to bond to the surface. This involves the breaking 
of some carbon-carbon double bonds, leaving unpaired electrons on some atoms 
allowing them to bond to the surface. 
Binding energies in previous studies using the LDA and similar basis sets show 
very good agreement [17, 18, 19, 20]. The later study [19, 20] also explored the 
systems using the GGA exchange correlation functional and the binding energies 
were reduced by up to 50%. This is consistent with the fact that the LDA tends to 
over bind for calculations of this nature. When calculating binding energies between 
components consisting of different species and using localised basis sets the results 
can suffer from basis set superposition error (BSSE). This study estimated the 
BSSE in each case using the Boys-Bernardi Counterpoise method and in most 
cases it accounted for between 1 and 1.5 e V of the binding energy. 
Experimental studies of adsorption sites indicated that the C60 molecule sits 
in the dimer trench at room temperature. Only upon heating will the molecules 
sit upon the dimer row. This is consistent with the computational studies which 
show that in general the trench sites have stronger binding energies than the row 
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sites. 
Larger cages have also been investigated, C84 and the endohedral molecule 
La@C82 • In contrast to C60 both sit upon the dimer row as well as within the 
dimer trench and this was attributed to the increased level of sp2 hybridisation 
brought about by lower curvatures of the larger molecules. As both molecules 
took up the same positions on the surface the presence of an endohedral atom was 
not thought to affect the behaviour of the cage. However, this is not completely 
conclusive due to the slightly different sizes of the cages. It is promising though as 
it will be useful to our future understanding of the molecules if the behaviour of 
endohedrally-doped fullerenes is similar to that of empty fullerene cages. 
Fullerene cages are susceptible to manipulation by an STM tip. The large 
cross-sectional area of the molecule and small region of interaction between cage 
and surface aid this. Manipulation parallel to the dimer rows has a much higher 
success rate than perpendicular to the dimer rows. Both attractive and repulsive 
modes of manipulation have been identified. 
Combining ab-inito data with an experimental study showed that the C60 cage 
rolls through the dimer trench alternating between configurations most often with 
a period of four although sometimes with a period of three. 
The degree of commensurability beween the lattice constant of the surface and 
the intermolecular separation of the adsorbate dictates the ordering of the packing 
of the fullerene cages upon the surface. The packing can be altered by adding 
groups to the fullerene cage without affecting the interactions between the cages 
and surface. 
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Chapter 4 
C6o on Si(lOO) 
In this study we have focussed on exploring further the configurations that the 
C60 cage takes on the dimer row bonded to two dimers (r2) and in the dimer 
trench bonded to four dimers (t4). These sets of configurations contain the most 
stable sites for the C60 molecule as they allow four bonds to form between the 
cage and surface. The other two groups of configurations contain much less stable 
sites many of which appear to be metastable to minor displacements of the cage, 
relaxing instead to one of the r2 or t4 configurations. 
All of the r2 and t4 configurations reported in [17, 18, 19, 20] will be investigated 
to give a total of 17. In the previous study involving PLATO [17, 18] a doubly 
numeric basis set with a single polarisation function (DNP) containing 13 basis 
functions was employed for all species except the hydrogen for which a single 
basis function was deemed sufficient, as the purpose of the hydrogen atoms is 
simply to terminate the dangling bonds. The other study that used the SIESTA 
package [19, 20] used a very similar basis set (DZP) which has the same number 
of basis functions as the DNP basis set. Here though, we initially use a DNP 
basis set before moving on to a much more complete triple numeric basis set with 
a double polarisation function (TNDP) which contains 22 basis functions. As 
with the DNP basis set we employ a cut off radius, re, of 7.0 bohr radii. The 
hydrogen atoms are again described by a single basis function. The purpose of the 
TNDP basis set is to investigate the effect that the extra basis functions have upon 
the basis set superposition error (BSSE). Calculations were performed with two 
different exchange correlation functionals, the LDA and the GGA. Each calculation 
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will be performed four times to account for all combinations of the two exchange 
correlation functionals (LDA and GGA) and two basis sets (DNP and T NDP). 
4 .1 Simulation cell 
The cell used for the C60 simulations is very similar to that used in both previous 
ab-initio studies [17, 18, 19, 20]. The silicon surface consists of six 16 atom layers, 
with the bottom layer terminated by hydrogen to saturate the dangling bonds 
and the bottom two layers of silicon frozen in their bulk posit ions. The top layer 
of the surface is however subtly different [rom previously, being a 2 x 2 t ilted 
dimer reconstruction rather than a 2 x 1 t il ted dimer reconstruction. The actual 
groundstate configuration of the Si (lOO) s w·face is the 4 x2 reconstruction. Tests 
have shown that both surfaces give the same qualitative results [1 ]. The isolated 
surface can be seen in figure 4. 1 where the alternating t il t of Lhe dimers is clearly 
visible. 
Figure 4.1 : The isolated Si (100) 2 x 2 surface post rela-'<ation. The dimer rows 
can be clearly seen along with the trench numing from front to back. Also note 
the alternating t ilt of each dimcr pair. 
Our cell is Lherefore reasonably big, bu t this is necessar ' clue to the fullerene 
cage being quit.e large at approximately 7 A in diameter and the need to minim ise 
any interacLions between cages in neighbouring cells due to periodic bounda ry 
conditions. This also necessitates a large region of vacuum at the top of the cell 
t.o ensure that t.he hydrogen atoms at. the bottom of the cell do not interact with 
the t,op of t.he C60 cage. An example of a 14 and an r2 configurat.ion of the CGo 
59 
cage within the cell are shown in figures 4.2 and 4.3 respectively. The effect of 
the presence of the cage on the arrangement of the dimers is clear when these are 
compared to the isolated surface in figure 4.1. 
F igure 4.2: An example of our simulation cell. Pictured here is the L4b configura-
tion. The four Si-C bonds bet\\"CCn cage and surface can be clearly seen. Also note 
how the pre ence of the C60 molecule affects the t ilLing of the dimcr pair when 
compared to the isolated surface in fi gu re 4.1. 
It was decided that a tmiform mesh was most appropriate for our system due 
to the large amount of vacuum within the cell. Initial trials on silicon and graphite 
showed that a va lue of 0.4 Afor the mesh spacing gave a good balance between 
speed and accuracy for both of the basis sets. Due to the fair ly large size of the 
system the single r point was chosen for k-poinL sampling. 
Table 4.1 shows the bond lengths of the two different bond types for the isolated 
C60 cage calculated using the different software packages, basis sets and exchange 
correla tion funcLiona.ls. For our resul ts with the PLATO package we see little 
variation although the T DP basis set does predict slightly shor ter lengths than 
the DNP basis set. There is good agreement between our results and tho e from 
the plane \vave code VASP [40. 41]. 
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Figure 4.3: Pictured here is the r2c configuration. The fom Si-C bonds between 
cage and smface can be clearly seen. The affect. on the dimers is much more 
localised for the r2 configurations, only significantly affecting the 2 dimers that 
the cage is bound to. 
Software Basis set XC functional Bond lenglh / A 
PLATO D p LDA 1.39, 1.44 
PLATO DNP GGA 1.39, 1.45 
SIESTA [20] DZP GGA 1.42, 1.46 
PLATO T NDP LDA 1.3 ' 1.44 
PLATO T IDP GGA 1.3 ' 1.44 
VASP [20] Plane waves GGA 1.39, 1.45 
Table 4.1: Carbon-carbon bond lengths for the iso lated C60 cage calcula ted using 
different exchange correlation functionals, basis sets and software packages. 
4 .2 Placement of the C60 cage upon the Si (lOO) 
surface 
The C60 molecule is so uniform that if any region upon it is elected, fo r instance 
two adjacent hexagons, they will be entirely equivalent. to every other pair of adja-
cent hexagons. By this it is mean t. l hat the arrangement of pentagons and hexagons 
surrounding Lhis region will be identical regarclle:-;s of which pair of hexagons we 
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chose. This is true for whichever region we consider, however large or small and 
means that there is only one unique way of placing the cage down into each of the 
configurations. 
4.3 Results 
LDA GGA 
Site SIESTA DZP [20] PLATO DNP SIESTA DZP [20] PLATO DNP 
t4a -5.48 -5.46 -3.46 -4.06 
t4b -5.42 -5.69 -3.77 -4.44 
t4c -5.48 -5.45 -3.83 -4.23 
t4d -4.90 -4.75 -3.19 -3.38 
t4g -5.49 -5.40 -3.75 -3.75 
t4h -5.13 -5.53 -3.20 -3.75 
t4i -4.95 -5.45 -3.09 -3.87 
r2a -5.05 -4.61 -3.57 -3.82 
r2b -4.89 -4.10 -3.48 -3.41 
r2c -4.34 -4.60 -2.93 -3.72 
r2d -3.15 -2.31 -1.79 -1.78 
r2e -4.12 -3.64 -2.68 -2.79 
r2f -4.55 -3.68 -3.17 -2.98 
r2g -3.48 -2.77 -2.02 -1.98 
Table 4.2: Binding energy results for C60 on the Si (100) surface in electron volts. 
From the seventeen total configurations reported in [17, 18, 19, 20], we have 
successfully simulated all seven r2 configurations and all four t4 configurations 
from [17, 18]. Of the six additional t4 configurations in [19, 20] we have successfully 
simulated t4g, t4h and t4i. We were unable to simulate t4e, t4f and t4j, attempts 
at these resulted in t4e relaxing into the t4g configuration and both t4f and t4j 
falling into the t4b configuration. 
Table 4.2 shows the PLATO results obtained using the DNP basis set and 
the previous results from [20] where the SIESTA package was used and a DZP 
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LDA GGA 
Site SIESTA-BSSE [20] PLATO TNDP SIESTA-BSSE [20] PLATO TNDP 
t4a -3.94 -4.15 -2.16 -2.77 
t4b -4.00 -4.53 -2.53 -3.15 
t4c -4.10 -4.59 -2.63 -3.02 
t4d -3.42 -3.67 -1.96 -2.32 
t4g -4.02 -4.41 -2.53 -2.78 
t4h -3.59 -3.93 -1.94 -1.87 
t4i -3.41 -3.99 -1.83 -2.45 
r2a -3.93 -3.89 -2.58 -3.02 
r2b -3.74 -3.44 -2.49 -2.72 
r2c -3.27 -3.73 -2.00 -2.82 
r2d -2.08 -1.81 -0.87 -1.29 
r2e -3.01 -2.96 -1.68 -2.16 
r2f -3.40 -3.04 -2.19 -2.32 
r2g -2.38 -2.24 -1.10 -1.42 
Table 4.3: Binding energy results for C60 on the Si (100) surface in electron volts. 
The results from [20] have had the BSSE estimated and removed via the counter-
poise method. 
basis set employed. Table 4.3 shows the results from this study using the more 
complete TNDP basis set. The results from [20] are from the same calculations 
as the previous table but have had the BSSE estimated with the Boys-Bernardi 
counterpoise method and this has been used to correct the results. Both tables have 
results obtained using the LDA and the GGA exchange correlation functionals. 
We see good agreement between the two sets of results from the SIESTA and 
PLATO packages. The TNDP basis set that we have employed seems to reduce the 
magnitude of the binding energies by a similar but slightly smaller amount as the 
Boys-Bernardi method does for the results from [20]. The counterpoise method is 
thought by some to overcorrect the binding energy of a system [32] and this would 
appear to be consistent with that. 
This suggests that the more complete basis set has reduced the BSSE to near 
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negligible levels. Although the TNDP basis set is more computationally expensive 
it must be remembered that the counterpoise method only removes the BSSE from 
the binding energy and that all other quantities within the calculation will still be 
contaminated by it. 
Also, regardless of basis set, we notice a distinct lowering in the magnitude of 
the binding energies with the GGA exchange correlation functional compared to 
the LDA which is consistent with the previous study [20] and with the consensus 
that the LDA is prone to overbinding. 
It is interesting to compare the results here to a few that were achieved with a 
plane wave code and these are shown in table 4.4. The significance of this is that 
a plane wave basis set cannot suffer from BSSE as the basis set is independent of 
the atoms in the box. Four configurations were re-examined with the VASP code 
[40, 41] in one of the previous studies [19, 20]. We again see that the counterpoise 
method may be overcorrecting slightly, as for each configuration it is slightly lower 
than results gained from the VASP code, however they are still very close. The 
results achieved with the TNDP basis set are also quite close to the VASP results, 
but all are predicted to be slightly more stable. 
Site SIESTA DZP - BSSE [20] PLATO TNDP VASP [20] 
t4a -2.16 -2.77 -2.45 
t4c -2.63 -3.02 -2.75 
t4g -2.53 -2.78 -2.74 
r2a -2.58 -3.02 -2.78 
Table 4.4: Binding energy results for C60 on the Si (100) surface in electron volts. 
The configurations are placed into energy hierarchies in tables 4.5 and 4.6. Ta-
ble 4.5 shows our results with the less complete DNP basis set and the results from 
[20] with a DZP basis set. The seven t4 results fill the vast majority of the most 
strongly bound configurations, in the case of our new results they actually fill the 
top seven places when the LDA is employed. The hierarchies change slightly when 
the GGA is used as the exchange correlation functional but the t4 configurations 
still fill the majority of the most stable configurations. When we move to the more 
complete TNDP basis set in table 4.6 we see some of the r2 configurations becom-
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ing more stable relative to the t4 configurations. This is particularly evident when 
the GGA is the chosen exchange correlation functional. In fact three of the top 
seven positions are now taken by r2 configurations. Configurations r2e, r2g and 
r2d are consistently very unstable. 
LDA GGA 
Rank SIESTA DZP [20] PLATO DNP SIESTA DZP [20] PLATO DNP 
1 t4g t4b t4c t4b 
2 t4a I t4c t4h t4b t4c 
3 t4a /t4c t4a t4g t4a 
4 t4b t4clt4i r2a t4i 
5 t4h t4clt4i r2b r2a 
6 r2a t4g t4a t4g 1 t4h 
7 t4i t4d t4h t4g 1 t4h 
8 t4d r2a t4d r2c 
9 r2b r2c r2f r2b 
10 r2f r2b t4i t4d 
11 r2c r2f r2c r2f 
12 r2e r2e r2e r2e 
13 r2g r2g r2g r2g 
14 r2d r2d r2d r2d 
Table 4.5: The fourteen configurations explored here are placed in descending 
order of stability. The t4 configurations account for the majority of the most 
stable configurations. 
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LDA GGA 
Rank SIESTA - BSSE [20] PLATO TNDP SIESTA - BSSE [20] PLATO TNDP 
1 t4c t4c t4c t4b 
2 t4g t4b r2a t4clr2a 
3 t4b t4g t4b 1 t4g t4clr2a 
4 t4a t4a t4b 1 t4g r2c 
5 r2a t4i r2b t4g 
6 r2b t4h r2f t4a 
7 t4h r2a t4a r2b 
8 t4d r2c r2c t4i 
9 t4i t4d t4d t4dlr2f 
10 r2f r2b t4h t4dlr2f 
11 r2c r2f t4i r2e 
12 r2e r2e r2e t4h 
13 r2g r2g r2g r2g 
14 r2d r2d r2d r2d 
Table 4.6: The hierarchies for the more complete basis set and the BSSE corrected 
results from [20]. Results are in descending order of stability. 
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4.3.1 Bader bonding analysis 
Bader bonding analysis has been carried out on the combined fullerene and silicon 
systems to further analyse the re-bonding that occurs within the cage to allow it to 
bind to the surface. Figures 4.4 - 4.12 show how the ratios of the negative Hessian 
eigenvalues change when the molecule has been relaxed in each configuration. The 
configurations will be considered in groups that have the same region containing 
the atoms that bond to the surface, e.g. two hexagons, and more specifically 
configurations that share the exact same atoms that bond to the surface. In the 
previous chapter the isolated cage was examined via Bad er analysis. The cage 
was found to have two distinct bond types with ratios of 1.12 and 1.18. For all 
configurations post-relaxation on the surface we see a greater variety of ratios than 
within the isolated cage. The following diagrams contain the ratios of the bonds 
post-relaxation, these are also marked as either nominally single or double bonds 
in order to get a quick qualitative overview of the final arrangement of the bonds. 
If the ratio for a bond is 1.18 or higher it is marked as a double bond, otherwise it 
is marked as a single bond. 
Configurations t4c, r2a and r2e 
These three configurations have very similar bonding rearrangements taking place 
within the molecule. Points of interest have been marked only on the t4c configu-
ration shown in figure 4.4 but are relevant for the r2a and r2e configurations shown 
in figure 4.5. The rebonding agrees very strongly with what was reported earlier 
in [17, 18] and was confirmed in [19, 20]. Double bonds break at a, b, c and d 
and form at f and g. There ratios are considerably stronger than for those in the 
isolated cage and in fact the double bond that strengthens at e is stronger than 
the 'pure' double bond found in ethene. The outer part of the region we consider 
does not change significantly but we do see that many of the bonds strengthen 
slightly and that there is more delocalisation in this region, especially around h, 
i, j and k, I, m. 
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Isolated cage t4c 
Figure 4.4: The L4c configuration with t he ratios of the negative eigcnva lues shown 
for the isolated cage on the left and the cage upon the surface on the right. Ra tios 
that decrease are shown in green , ratios Lhat increase are shown in orange. Atoms 
Lhat form bonds with the silicon sm facc are shown la rger and in red. 
r2a r2e 
Figure 4.5: The r2a and r2c configurations after relaxation upon the surface. The 
r2a configuration is a rotation of the r2e configuration b.v 90° wiLh respert to 
t.hc climer rows. The rebouding within th is region for both configurations is very 
similar. 
G 
t4b 
The Bader analysis here again confirms the previously repor ted rebonding and is 
shown in figure 4.6. What is initia lly a double bond at a breaks and allows two 
more double bonds to form at b and c. The single bond left at a is in fact about 
half way between what we have been considering as single and double bonds which 
again is consistent with the previous studies. A strong double bond also forms at 
d. As before we again see that most of the bonds in the outer region strengthen 
slightly and an increase in delocalisation. 
t4h 
The reboncling for t4h is shown in figure 4.6 and is s lightly more complex than 
some other configurations. Double bonds are broken at a b , c, d and e and form 
at f, g, h and i. This is in agreement. with [19, 20] . Again we see strengthening in 
the majori ty of t.hc bonds in t.he outer region of the cage. 
t4b t4h 
Figure 4.6: The t4b al1Cl t.4h configurations after relaxation upon the surface. 
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t4d , r2b a nd r2f 
These three configurations all have the same arrangement of atoms that bond to the 
surface and as such the rebonding within the cages is very similar. Configmation 
t4d is shown in figure 4. 7 along with the same region from the cage relaxed in 
isolation and r2b and r2f are shown in figure 4.8. Double bonds break at a, b , c 
and d and form at i and j . The bond at j is very strong, slightly stronger than 
that which is found in ethene. Also we see significant delocalisation at the regions 
containing bonds e, f, g and h. The only slight difference for r2b and r2f is that 
these regions of delocalisation are less pronounced. Again, we see that most bonds 
in the outer region strengthen slightly. 
Iso lated cage t4d 
Figme 4.7: The local region of the cage that contains the atoms that bond to the 
m·face from the isolated cage and for the t4d configuration. 
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r2b r2f 
Figure 4.8: The r2b and r2f configurations a ft.cr relaxation upon t.hc sur face. The 
r2b configuraLion is a rot.ation of the r2f configuration by 90° with respect to the 
climer rows. 
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t4g 
Despite the lack of symmetry for this configuration , the rebonding is straightfor-
ward and is shown in figure 4.9 and agrees with the findings in [19, 20]. Double 
bonds break at a, b, c, d and e and form at f and g . The outer region again 
strengthens and we see an increase in delocalisation, especially around h, i and j. 
t4i 
The rebonding for this configuration is shown in figure 4.9 and again agrees with 
the rebonding reported in [19, 20]. Double bonds break at a and b and this allows 
the atoms to bond to the surface. There is a s light strengthening of the bonds 
at f and g as well as in most of the bonds in the outer region. The bonds at c 
and d were. hown to break in [19, 20] but our Bacler analysis predicts just a small 
decrease in the strength of the bonds. 
t4g t4i 
Figme 4.9: The t4g and t4i configurations after relaxation upon the surface. 
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t4a 
The t4a configuration rebonds as described in the previous studies and is shown 
in figure 4.10. Double bonds break at a, b, c and d and two strong double bonds 
form at e and f. Due to two of the carbon atoms that bond to the surface lying in 
the outer region here, we witness less of the delocalisation that has been seen for 
the others. 
t4a 
Figure 4.10: The t4a configuration after relaxation upon the surface. 
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r2c and r2g 
The rebonding for these two cases is very similar and is shown along with the same 
region of the cage relaxed in isolation in figure 4. 11. The rebonding is very similar 
to that described in [17, 18] . Double bonds break at a , b and c and form at d 
and e. The outer region again strengthens and an increase in delocalisation is seen 
here. 
Isolated cage r2c 
r2g 
Figure 4. 11: The r2c and r2g configura tions a fter relaxation upon the surface along 
with the relevanl region of the cage rel~xcd in isola tion. The r2g configuration is 
a rotation of the r2c configLirat ion by 60° with respect to the dimer rows. 
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r2d 
r2d is the most unfavourable configuration predicted in every study. As such it 
does not share many of the characteristics of the other configurations within its 
rebonding arrangement which is shown in figure 4.12. Many of the bonds that 
connect to the atoms that bond to the surface actually show an increase in the 
ratios of their eigenvalues from the Hessian matrix. Double bonds at a, b and c 
break whilst the one located at d strengthens slight ly. The atom marked in yellow 
is unlike any other seen after the relaxations for any configuration. The three 
bonds that connect to it are similar in strength to those seen typically connected 
to an atom that has formed a bond to the silicon surface. 
1.18 1.10 
Isolated cage r2d 
Figure 4.12: The r2cl configuration after rela-xation upon the surface wiLh the 
relevant region of the cage Lhat has been rcla.xecl in isolation. The reboncling 
wiLhin this configuration is un like any of the others which may explain its apparent 
instabili ty. The atom marked in yellow is very umt ual as it has only three weak 
bonds connecting it to other atoms. 
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4.3.2 Charge transfer 
A previous study [17] used Mulliken population analysis to estimate the charge 
transfer between the silicon and carbon atoms that bond together. They reported 
that at most 0.1 electrons would be transferred onto the carbon atom. Here though 
we have used Bader charge analysis. By comparing the charge on the relevant 
atoms for the isolated cage and surface with those after the relaxation of the 
cage upon the surface for each, configuration we can see how much charge has 
transferred between the two components. It is found that significantly more charge 
is transferred onto the carbon atoms, between 0.3 and 0.5 electrons per atom 
depending on the configuration. There appears to be no trend between the amount 
of charge transfer and the binding energy. 
Site Charge transfer / electrons 
t4a 2.09 
t4b 2.00 
t4c 1.93 
t4d 1.55 
t4g 1.93 
t4h 1.64 
t4i 1.43 
r2a 2.10 
r2b 1.89 
r2c 1.49 
r2d 1.80 
r2e 1.96 
r2f 1.83 
r2g 1.65 
Table 4. 7: The total charge transferred between silicon and carbon atoms when 
the TNDP basis set and GGA exchange correlation functional are employed. 
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4.4 Summary 
The results with the DNP basis set are in good agreement with the results from [19, 
20] calculated with the DZP basis set. The TNDP results are in good agreement 
with the results from [19, 20] that have been corrected for BSSE by the Boys-
Bernardi counterpoise method. This suggests that the extra basis functions within 
the basis set are sufficient to reduce the BSSE to negligible levels. Although 
the TNDP basis set is more computationally expensive than employing the Boys-
Bernardi scheme it has the advantage of ensuring that all quantities calculated 
within a simulation are unaffected by BSSE. The counterpoise method only corrects 
for the binding energy. 
The re bonding within the C60 cage has been re-examined using Bader bonding 
analysis. The region of the cage containing the atoms that bond to the surface for 
each configuration has been compared to the same region of a C60 molecule relaxed 
in isolation. Bader analysis is advantageous over raw bond data as we have just one 
parameter to examine, whereas the combination of bond order, energy and length 
can sometimes be inconclusive. Nevertheless, it is confirmed that the rebonding 
descriptions given in previous work are accurate and only in one or two minor 
details do we see anything different. As has been previously reported it is the 
breaking or two or three double bonds within the cage that enables the molecule 
to form bonds to the silicon surface. The Bader analysis does show a few traits 
that were not previously reported. The outer region of the cages pictured show 
most bonds situated there strengthening when compared to the isolated case. The 
single bonds that connect atoms that have bonded to the surface with other carbon 
atoms are significantly weaker than those in the isolated case most often having 
eigenvalue ratios of between 1.06 and 1.08 as opposed to 1.12. Some of the unbroken 
double bonds close to these atoms strengthen considerably, so much so that many 
of them become stronger than the 'pure' double bonds found in alkenes. 
As the bonding pictures agree so strongly to those reported in previous studies 
we can confirm that the simple model relating bond rearrangement to binding en-
ergy found in [17] to be correct. They proposed that a simple bond rearrangement 
led to a stronger binding energy within a group of configurations, e.g. r2. Although 
when comparing some configurations with very similar rebonding arrangements it 
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is necessary to consider how optimal the bond angles between the carbon and the 
silicon atoms are. 
Bader charge analysis shows that significantly more charge is transferred onto 
the carbon atoms than the M ulliken population analysis in [17] found. 
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Chapter 5 
' 
Cs2 on Si (100) 
The C82 on Si (100) system is of interest for a number of reasons. One of the main 
driving forces behind our investigation is that the C82 molecule provides greater 
scope for encapsulation of an endohedral species. This is due to the fact that the 
C82 molecule provides over twice the internal volume when compared to a C60 
cage. The system has also been studied experimentally and has been shown to 
allow manipulation upon the surface. 
There are nine isomers of C82 that obey the isolated pentagon rule and each of 
these were relaxed in isolation to ascertain which is the most stable. The results 
calculated using the TNDP basis set and the GGA exchange correlation functional 
are presented in table 5.1. 
Isomer Energy (Ry) Rank 
1 -934.36404087 5 
2 -934.37238561 3 
3 -934.38629535 1 
4 -934.37705052 2 
5 -934.36496325 4 
6 -934.35101527 6 
7 -934.307 40984 8 
8 -934.30570147 9 
9 -934.33594151 7 
Table 5.1: Energies of the nine IPR isomers of C82 
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It is apparent that the third isomer [36] is the lowest in energy although there 
is little to chose between any of the nine. This agrees with previous computational 
work on isolated C82 [42]. T his isomer was therefore chosen and is pictured in 
figure 5.1. 
Figure 5.1: The third IPR isomer of the C82 molecule [36], we find this isomer to 
have the lowest energy and thus use it in our simula tions. 
The Bader analysis of the C60 cage in the previous chapter revealed two distinct 
bond typ es within the molecule. Both were hybridised to some xtent between 
single and double bonds. with the weaker bonds surrounding the pentagon · and 
the stronger bond existing every\,·here else. \\'hen Bader analysis is performed on 
the C82 cage it. reveals a very different piclure. There is a much broader spect rum 
of raUo . although almost all of the bonds fall between the stronger and weaker 
bonds in the C60. The overa ll picture is of a much less uniform bonding structure. 
although there is a similarity to the C60 in t,hat the pent,agons tend t,o be surrounded 
by bonds at the weaker end of the spectrum. 
5.1 Placement of the C 2 cage upon the surface 
The less uniform structm e presents us with is ues with regard to placement on t he 
surface. For the C60 molecule every hexagon is equivalent to every other hexngo11 
with regard to its s urroundings. The same is t rue of lhe pentagons due to the 
molecule being a n lPR isomer. Thi means that any region of the cage. however 
large, is non-un ique. The same is not true for t,he C82 molecule. Although we 
again consider an IPR isomer so we kno"' that t he immediate surroundings of the 
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pentagons are unique, that is all that we can be sure of. This gives us many more 
op tions for placement upon the surface. For instance, when considering the r2 set 
of configurations we have seven ways of placing the C60 cage down in order for it 
to bind to 2 dimers upon the dimer row. T hese are shown in figure 3.4. Taking r2b 
as an example, we see that the atoms that bond to the surface are conLained in a 
hexagon and an adjacent pentagon. Whichever pentagon and hexagon we chose to 
p lace in t his position would not matter for the C60 as all are equivalent and have 
equivalent sw-roundings . For the C60 molecule this is true however many atoms we 
consider to be in this surrounding region. For the C82 molecule we must be more 
precise though. If we just consider the ring of hexagons and pentagons immediately 
surround ing the hexagon and pentagon that contain the bonding atoms for C 2 
then we already have three options. These are shown in fig ure 5.2. The nu mber of 
p lacement options increases rapidly as we consider the arrangement of hexagons 
and pentagons over a larger region of the cage. For other configw·ations we see a 
simila r picture. For configurations where two hcxRgons conta in the a toms bonding 
to the surface {r2a, r2e, t4b, t4c) there are 6 possible ways to place the C82 cage 
down when considering only the immediate surroundings. 
As there arc so few regions that can be considered as equivalent, it is necessary 
to choose more t.han one orientation of the cage for each configuration that is 
being investiga t cd. We have investigated a small selection of configurations, but 
haYe performed three sepaTate calculations for each . Orientations of Lhe cage 
v•ere chosen by mapping the molecule and comparing local regions that would be 
bonding to the surface. It was decided to distinguish these regions by the amm.mt of 
pentagons within them. The pentagons are signi fi cant as they supply the curvature 
to the cage and bring with them an associated amount of strain energy. Also. as 
mentioned previously the pentagons tend to be s urrounded by weaker bonds than 
the hexagons and so a region rich in pentagons may have less electrons available 
with which to form bonds to the surface. Figure 5.2 displays the three oricntations 
of the cage upon the surface within the r2b confi guration . each wi th a different 
number of pentagons located in the vicinity of the region containing the atoms tha t 
bond to the surface. As with the C82 molecule. all simulations were performed wit h 
the four possible combinations of exchange correlation functional (LDA and GGA) 
and basis set (Dr P and T r DP). We can assume thal the results from the T DP 
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basis set will have little or no contaminat ion from BSSE. 
a b c 
Figm e 5.2: Three different orienLa tions of the C82 cage within the r2b configura-
t ion. The local region of the cage that bonds to the surface in each ins tance is 
shown in the lower part of the fi gure. Of the three different orien tations , ca.":>e a 
has no pentagons in the region surrounding the central pentagon aud hexagon that. 
conta in the a toms that bond to the sur face. Case: b and c have 1 and 2 pentagons 
in this region respectively and Lheir effect on the curvature in this region can be 
seen clearly. 
5.2 Simulation Cell 
The C82 simula tion cell is subst antia lly larger than the cell used for t he calculations 
involving C60 , containing 33 atoms compared to 188 previous ly. This is mainly 
due to the Si (100) surface that has been extended in order to keep the la rger Cs2 
cage from interacting wi th each other due to the periodic bounda ry cond it ions. 
To increase the d istance betwe n periodic repeats of the C 2 we have employed a 
larger surface cell with dimer rows running d iagona lly through it as oppo eel to 
parallel to the cell vectors as shown in fi gu re 5.3. The other features of the surface 
remain the same. It is a 2 x 2 surface reconstruction t.hat is s ix layers thick and 
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the bottom two layers are pinned in position with the dangling bonds saturated 
by hydrogen atoms. As with the C60 systems the single r point was chosen for 
k-point sampling. 
Figure 5.3: The above figure disp lays the ~op two layers of atoms of the new surface 
used for simula Lions involving C 2 . Dimer rows now run diagonally through the 
surface, increasing the distance between periodic repeats of the molecule in the 
same trench or upon the same row by approxima tely 40 %. 
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5.3 Results 
Increasing number of pentagons --+ 
LDA DNP 
Configuration Orientation 1 Orientation 2 Orientation 3 
r2a -4.96 -5.41 -4.56 
r2b -4.26 -4.58 -4.98 
r2e -4.77 -4.65 -3.57 
r2f -3.77 -4.47 -4.66 
t4b -4.81 -6.04 -4.91 
t4c -4.71 -5.33 -4.32 
t4g -4.94 -4.97 -5.47 
t4h -5.00 -5.85 -4.91 
t4i -4.13 -4.52 -4.66 
. 
Table 5.2: Binding energy results using the LDA and the DNP basis set for three 
orientations of the C82 cage within each configuration in electron volts. 
Increasing number of pentagons --+ 
GGADNP 
Configuration Orientation 1 Orientation 2 Orientation 3 
r2a -3.75 -4.42 -3.41 
r2b -3.19 -3.36 -3.92 
r2e -3.60 -3.59 -2.42 
r2f -2.51 -3.29 -3.51 
t4b -2.83 -4.54 -3.23 
t4c -3.08 -3.90 -2.61 
t4g -3.30 -3.04 -3.80 
t4h -3.06 -4.16 -3.12 
t4i -2.53 -2.80 -2.83 
Table 5.3: Binding energy results using the GGA and the DNP basis set for three 
orientations of the C82 cage within each configuration in electron volts. 
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Increasing number of pentagons --> 
LDATNDP 
Configuration Orientation 1 Orientation 2 Orientation 3 
r2a -3.60 -4.16 -3.47 
r2b -2.97 -3.27 -3.71 
r2e -3.40 -3.38 -2.26 
r2f -2.27 -3.23 -3.39 
t4b -2.75 -4.27 -3.17 
t4c -2.81 -3.69 -3.43 
t4g -3.20 -2.99 -4.31 
t4h -2.87 -3.79 -3.18 
t4i -2.39 -2.84 -2.88 
Table 5.4: Binding energy results using the LDA and the TNDP basis set for three 
orientations of the C82 cage within each configuration in electron volts. 
Increasing number of pentagons --> 
GGATNDP 
Configuration Orientation 1 Orientation 2 Orientation 3 
r2a -2.39 -3.19 -2.36 
r2b -1.85 -2.08 -2.68 
r2e -2.20 -2.30 -1.11 
r2f -1.02 -2.07 -2.22 
t4b -0.83 -2.84 -1.56 
t4c -1.22 -2.21 -1.85 
t4g -1.48 -1.12 -2.68 
t4h. -1.00 -2.14 -1.37 
t4i -0.71 -1.13 -1.20 
Table 5.5: Binding energy results using the GGA and the TNDP basis set for three 
orientations of the C82 cage within each configuration in electron volts. 
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Tables 5.2 - 5.5 show the results for the C82 molecule upon the Si (100) surface 
with three orientations of the cage within each of the nine configurations calculated 
using the LDA and GGA and the two different basis sets. Results are ordered such 
that those on the left contain the least pentagons in the region surrounding that 
which bonds to the surface and those on the right contain the most. Again we see a 
considerable difference in the magnitudes of the binding energies depending on the 
exchange correlation functional chosen. Most energies are of a smaller magnitude 
than for the same configuration for the C60 molecule. 
It appears that the larger cage is more prone to the effects of BSSE than C60 • 
This is logical. as a bigger area of overlap for the basis sets is likely to result 
in these systems, especially when regions of the cage most dissimilar to the C6o 
cage are chosen to contain the atoms that bond to the surface. This is because 
these regions will contain less curvature and so have a larger region of the cage in 
proximity to the surface, thereby increasing the basis set overlap. For instance, 
the C82 cage in the t4b configuration has binding energies of -6.04 eV and -4.54 eV 
when calculated using the DNP basis set in conjunction with the LDA and GGA 
exchange correlation functionals respectively. These are slightly stronger than the 
interaction the C60 molecule experiences in the same configuration, with binding 
energies of -5.69 eV and -4.44 eV with the same basis set and the LDA and GGA 
respectively. However, when we consider the molecules with the TNDP basis set 
we see that the C82 molecule has binding energies of -4.27 e V and -2.84 e V with 
the LDA and GGA respectively whereas the C60 molecule binds to the surface with 
a strength of -4.53 eV and -3.15 eV with the LDA and GGA respectively. As the 
C82 cage binds more strongly than the C60 cage with the DNP basis set and less 
strongly than the C60 molecule with the TNDP basis set, this would appear to 
support the theory that the C82 is suffering more from the effects of BSSE when 
the less complete basis set is used. 
For the sake of clarity we will identify the orientations within configurations 
as follows. Taking r2a as an example, r2a(i) is the orientation which leaves fewest 
pentagons in the region closest to the surface, r2a(iii) has the most. It is apparent 
from the results that the energies for configurations in some cases vary widely 
depending on the surrounding topology. However, it is also evident that the a 
change in the number of pentagons does not affect the adsorption energy of a 
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configuration in a consistent way. For instance r2a(i) and r2a(iii) are actually 
very close in energy, but for r2f the reverse is true in that r2f(i) and r2f(iii) are 
furthest apart. Therefore we can conclude that there is no direct relationship 
between the number of pentagons in a region and the adsorption energy. Also, when 
comparing the binding energies to those for C60 in the corresponding configuration 
it is noticeable that the C82 interacts less strongly with the surface. The energy 
hierarchy table 5.6 shows a marked difference in the preferred sites for the C82 
molecule than for the C60 molecule in the previous chapter. Of the sites we have 
investigated the majority of the strongest interactions occur when the C82 molecule 
is placed on the dimer row rather than in the dimer trench. An experimental study 
[21] that investigated the adsorption and manipulation of C84 and La@C82 found 
that approximately 35 % of the molecules adsorbed above the dimer row and 65 % 
adsorbed within the trench, whereas they had only observed C60 to adsorb within 
the trench. They proposed that this was due to local regions of lower curvature that 
lead to higher degrees of sp2 hybridisation and therefore a difference in reactivity. 
Molecules with a very high level of sp2 hybridisation such as benzene and pentacene 
are seen to adsorb above the dimer row. However, although this may explain why 
we see an increased preference for the C82 molecule to sit on the dimer row, it 
does not explain why we do not see a trend between the curvature or the amount 
of pentagons within a local region and the interaction between the cage and the 
surface within a configuration. It is therefore necessary to look in more detail at 
what is happening within the fullerene cages due to the re bonding that takes place 
in order for the cage to bond to the silicon surface. 
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Rank DNP LDA DNP GGA TNDP LDA TNDP GGA 
1 t4b(ii) t4b(ii) t4g(iii) r2a(ii) 
2 t4h(ii) r2a(ii) t4b(ii) t4b(ii) 
3 t4g(iii) t4h(ii) r2a(ii) r2b(iii)/t4g(iii) 
4 r2a(ii) r2b(iii) t4h(ii) r2b(iii) /t4g(iii) 
5 t4c(ii) t4c(ii) r2b(iii) r2a(i) 
6 t4h(i) t4g(iii) t4c(ii) r2a(iii) 
7 r2b(iii) r2a(i) r2a(i) r2e(ii) 
8 t4g(ii) r2e(i) r2a(iii) r2f(iii) 
9 r2a(i) r2e(ii) t4c(iii) t4c(ii) 
10 t4g(i) r2f(iii) r2e(i) r2e(i) 
11 t4b(iii)/t4h(iii) r2a(iii) r2f(iii) t4h(ii) 
12 t4b(iii) ft4h(iii) r2b(ii) r2e(ii) r2b(ii) 
13 t4b(i) t4g(i) r2b(ii) r2f(ii) 
14 r2e(i) r2f(ii) r2f(ii) t4c(iii)/r2b(i) 
15 t4c(i) t4b(iii) t4g(i) t4c(iii)/r2b(i) 
16 r2f(iii) /t4i(iii) r2b(i) t4h(iii) t4b(iii) 
17 r2f(iii) ft4i(iii) t4h(iii) t4b(iii) t4g(i) 
18 r2e(ii) t4c(i) t4g(ii) t4h(iii) 
19 r2b(ii) t4h(i) r2b(i) t4c(i) 
20 r2a(iii) t4g(ii) t4i(iii) t4i(iii) 
21 t4i(ii) t4i(iii) t4h(i) t4i(ii) 
22 r2f(ii) t4b(i) t4i(ii) t4g(ii) 
23 t4c(iii) t4i(ii) t4c(i) r2e(iii) 
24 r2b(i) t4c(iii) t4b(i) r2f(i) 
25 t4i(i) . t4i(i) t4i(i) t4h(i) 
26 r2f(i) r2f(i) r2f(i) t4b(i) 
27 r2e(iii) r2e(iii) r2e(iii) t4i(i) 
Table 5.6: Energy hierarchy for the C82 molecule. 
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5.4 Bader analysis of the combined systems 
Bad er bonding analysis of the systems after the molecule has been relaxed upon the 
surface has been carried out for every set of configurations explored. The region of 
the cage in close proximity to the surface is then compared to the same region of the 
isolated cage in order to ascertain the rebonding within the molecule in the same 
way as the C60 was examined in the previous chapter. The three orientations of 
each configuration are considered together and the rebonding compared to the C60 
molecule. The Bader bonding analysis appears to show a trend between the amount 
of bonding rearrangement within a specific region of the cage and the strength of 
interaction for the three orientations of the cage within each configuration. The 
clearest way to define this region is to think of the molecule in terms of layers. 
The first layer is the part of the cage that contains the carbon atoms that have 
bonded to the surface, depending on the configuration this is either one hexagon, 
one pentagon or a combination of two (as the isomer obeys the IPR we only see 
hexagon-hexagon or hexagon-pentagon combinations here). The next layer is the 
ring of hexagons and pentagons that surround the first and so on. The bonds in 
the second layer that effectively link the first and third layers appear to be key and 
these are highlighted in figure 5.4. When the ratio of the negative eigenvalues at 
these particular bond critical points are compared with those in the isolated cage 
we see a distinct trend between the strength of the interaction with the surface 
and the change in the ratios. The stronger binding energies within each set of 
orientations of the cage for a certain configuration have less change in the ratios 
of the eigenvalues than the weaker ones. Table 5. 7 displays the binding energies of 
the configurations and the corresponding total change in the Hessian eigenvalues 
of the relevant bonds. 
89 
Figure 5.4: The key bonds in determining the strength of the inleraction between 
the C 2 cage and the surface are shown in orange. The difference in t.he ratios of 
the Hessian eigenvalues bet.ween Lhe isolated cage and those relaxed in a surface 
configuration are greater for orientaLions of t he cage within a configuration that 
is less strongly bound. The figure on the left is re levant for the confi gurations 
explored for the C 2 cage which are bound to the surface Yia atoms contained in 
two adjacent hexagons, i.e. r2a. r2c, t4b t4c and t4h. The right hand par t of the 
figm e is relevant for configurations r2b , r2f and t4i , where the atoms that bond to 
the surface are contained within the pentagonal and hexagonal r ing at the centre 
of the figme. 
In the following section we sha ll look at each individual case in more detail. 
Diagrams of each of the three oriental ions of the C 2 cage are shown together with 
a description of their behaviour. As with the diagrams for C60 , atom· that bind 
to the stu·face are shown with large red circles; all others are shown as small b lue 
circles. The ratios of the negative eigenvalu<'s from t.he He ian matrix are shown 
next to each bond: the larger coloured numbers show the post-relaxation eigenvalue 
ratios. The smaller black numbers in parentheses show the ratio of t.he eigenvalues 
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Less strong binding energies --+ 
Configuration Binding Change Binding Change Binding Change 
energy energy energy 
r2a -3.19 0.157 -2.39 0.288 -2.36 0.285 
r2b -2.68 0.202 -2.08 0.217 -1.85 0.247 
r2e -2.30 0.154 -2.20 0.303 -1.11 0.283 
r2f -2.22 0.181 -2.07 0.226 -1.02 0.180 
t4b -2.84 0.143 -1.56 0.247 -0.83 0.174 
t4c -2.21 0.160 -1.22 0.108 -1.85 0.268 
t4g -2.68 0.236 -1.48 0.330 -1.12 0.241 
t4h -2.14 -0.330 -1.37 0.061 -1.00 0.122 
t4i -1.20 0.180 -1.13 0.191 -0.71 0.240 
Table 5.7: Binding energy results for three orientations of the C82 cage within each 
configuration in electron volts. Results are ordered differently from the previous 
tables such that binding energies are strongest to the left of the table and lowest 
to the right. Therefore entries may appear in different columns than previously. 
In the columns next to the binding energies is the difference between the ratios 
of the negative eigenvalues in the isolated C82 cage and the respective surface 
configuration. 
for the bond in the isolated cage. Numbers appearing only in black are for bonds 
that remain unchanged from the isolated case. Bonds that are sufficiently strong 
post-relaxation are shown with two lines between atoms, typically these have a 
ratio of 1.18 or higher, although this is not always the case as in some cases it 
would lead to five carbon carbon bonds for an atom. The binding energy is shown 
for each configuration and the unitless quantity underneath it is the change in the 
relevant Hessian eigenvalues. 
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The r2a configurations 
The three different orientations of the molecule within the r2a configuration are 
shown in 5.5 and share some key similarities. The three bonds in the central region 
marked as a, b and c each strengthen, especially the one located at b. In the case 
of r2a(i) and r2a(ii) this bond strengthens more than for the case of C60 in this 
configuration. The outer region of each orientation differs more from the C60 case 
though. With the C60 molecule many of the bonds in this region strengthen, but 
we see much less of that with the C82 cage. In fact, many remain completely 
unchanged which was not seen at all in the case for C60 . In the r2a(iii) case we see 
three very similar bonds consecutively marked as d, e and f. This is not seen at 
all in c60· 
. The three configurations have a very strong correlation between the change in 
the Hessian eigenvalues of the bonds in the region described above and their binding 
energies. The two less stable orientations have very similar binding energies and 
changes and it is of interest to note that they are the two most dissimilar in terms 
of the arrangement of hexagonal and pentagonal rings. The r2a(ii) forms slightly 
stronger bonds to the silicon surface than the other two and this may explain why 
it is more stable. 
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r2a(i) 
-2.39 eV 
0.288 
r2a(iii) 
-2.36 eV 
0.285 
d 
e 
f 
(Ill) 
r2a(ii) 
-3.19eV 
0.157 
Figm e 5.5: Bader bonding analysis of the orienta tions of the cage wi t hin the r2a 
configura tion . 
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The r2b configurations 
The bonding for the three different orientations of the C82 cage within the r2b 
configuration are shown in 5.6. The rebonding within the inner region is similar 
to the case for C60 for each of the three orientations of the cage with strong bonds 
forming at a and b. They do differ to the C60 case at c, d and e where less 
distinct rebonding is seen. This is most pronounced for r2b(i) and r2b(ii). The 
outer region differs from the C60 case, with the majority of bonds weakening as 
opposed to strengthening. The rebonding for r2b(iii) is fairly similar to the C60 
with which it shares the same arrangement of pentagonal and hexagonal rings. We 
again see regions towards the outside of the region where adjacent bonds have very 
similar Hessian eigenvalue ratios. 
As the energies become more stable here, we again see that the change in the 
Hessian eigenvalues of the relevant bonds decreases. For this set of configurations 
we see that the most stable is the orientation of the cage that leaves a region 
identical to C60 closest to the surface. The orientations become less stable as this 
region becomes less similar to c60· 
The r2e configurations 
The bonding rearrangement within the cages for the three orientations of C82 in 
the r2e configuration is shown in figure 5.7. As with the C60 molecule in this 
configuration, three strong bonds form at points a, b and c and for all three 
configurations the most central bond at point b is stronger than the equivalent 
for C60 • These three bonds within C60 are more consistent in their nature though, 
varying between 1.25 and 1.27 whereas for r2e(i) these vary from 1.20 to 1.30, for 
r2e(ii) they vary from 1.21 to 1.30 and for r2e(iii) from 1.22 to 1.28. Interestingly 
at points d, e and f we see another region where there are three very similar 
consecutive bonds. 
This time the least stable of the three orientations is the one that leaves a region 
of the cage next to the surface which is most similar to C60 . The other two are very 
similar regarding their binding energies although there is a difference in the change 
of the Hessian eigenvalues of the bonds which leaves r2e(i) as an outlying result. 
This may be because one of the bonds that forms between the silicon carbon bonds 
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r2b(i) 
-1.85 eV 
0.247 
1.19 
(1.17) 
r2b(iii) 
-2.68eV 
0.202 
r2b(ii) 
-2.08 eV 
0.217 
FigW'e 5.6: Bacler bonding analysis of the orientations of the cage within the r2b 
configuration. 
is s lightly weaker than for th oLhcr two configurations, although the difference is 
only slight . 
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r2e(i) 
-2.20 eV 
0.303 
r2e(iii) 
-1.11eV 
0.283 
e 
d 
f 
u.m 
r2e(ii) 
-2.30 eV 
0.154 
Figure 5.7: Bader bonding anaJysis of the orienta tion of the cage wi thin the r2e 
configuraLion. 
The r2f configurations 
T he bonding results from the three calculations fort he C 2 cage in t.hc r2f configu-
ration a rc :;;hown in figure 5 . . SLrong bonds form at. points a and b as wiLh the C6o 
molecule in the ame configm ation. Adjacent bonds o f simila r . t rcngth are SE'en 
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r2f(i) 
-1.02 eV 
0.180 
f 
g 
(1.12) 
1
•
16 r2f(iii) 0 .181 
-2.22 eV 
0.181 
h 
r2f(ii) 
-2.07 eV 
0.226 
Figure 5.8: Bacler bonding ana lysis of the orientat ions of the cage within the r2f 
configura tion. 
across the region c . d and e . especia lly in the cases of r2f(ii) and r2f(iii), whereas 
for Lhe C60 molecule the bond located a t d strengthened more and the others less. 
Thi i also seen at the out r parL of the region for r2f(iii) . mo t not.ably a t regions 
f and g . 
The orienLation most s imilar to C(iO is t.he most stable here, with stabili ty 
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decreasing as the region becomes less similar. Although r2f(i) is the least stable, it 
undergoes a very similar amount of change in the Hessian eigenvalues of the bonds 
as the most stable· orientation, r2f(iii). This causes it to be a slight outlier of the 
other results and this is because one of the silicon carbon bonds is much weaker 
than for the other two orientations. This bond may be weaker due to the lack of 
curvature in this orientation, inhibiting the carbon atom from getting closer to the 
silicon atom and this is supported by the fact that this bond is longer than the 
other silicon carbon bonds that form. 
The t4b configurations 
The t4b configurations investigated are shown in figure 5.9. It is seen that t4b(ii) 
and t4b(iii) are very similar with strong bonds forming at a, b and d and a bond 
of intermediate strength lying at c. This is very similar to what we see within the 
C60 molecule. The case for t4b(i) though is slightly different, where we again see 
very similar bonds adjacent to each other across the b, c and d region. This less 
'clean' rebonding may be the reason that t4b(i) is the least stable upon the surface 
and causes it to be an outlier when considering the binding energies and changes 
in Hessian eigenvalues. Also, one of the carbon silicon bonds is much weaker than 
any of the others, as with previous cases. This may be due to the fact that the 
atoms are restricted in this orientation somewhat by the lack of curvature within 
this orientation. 
The t4c configurations 
Figure 5.10 displays the bonding regions of the C82 cage in each of the three 
orientations within the t4c configuration. Strong bonds form at a and b as they 
do when C60 is relaxed in this configuration. In the case of t4c(ii) and t4c(iii) they 
also form at d where c and e are significantly weaker. For t4c(i) though all three 
of these bonds are very close in their nature and this makes the rebonding for this 
orientation look much less clean. 
t4c(i) outlies the other orientations with regards to the change in the relevant 
Hessian eigenvalues and the binding energies. Again this seems to be caused by 
one of the silicon carbon bonds being substantially weaker than the other three. 
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t4b(i) 
-0.83 eV 
0.174 
t4b(iii) 
-1.56 eV 
0.247 
t4b(ii) 
-2.84 eV 
0.143 
F igure 5.9: Bader bonding analysis of Lhe orientations of the cage within the L4b 
configuration. 
As with r2f(i) it seems that t he lack of curvatLU·e in the local region has prevented 
as much movement in the carbon atom as with the other orientations and this has 
inhibited the formation of the bond. 
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t4c(i) 
-1.22 eV 
0.108 
t4c(iii) 
-1.85 eV 
0.268 
(Ill) 
t4c(ii) 
-2.21 eV 
0.160 
Figme 5.10: Bader bonding analysis of the oricntations of the cage within the t4c 
configuration. 
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The t4g configurations 
The three different orientations of the C82 cage in the t4g configuration are shown in 
figure 5.11. t4g(ii) has atoms that bond to the surface in symmetrically equivalent 
positions to t4g(i) and t4g(iii). t4g(i) and t4g(ii) both have very similar bonds at a 
and b , the equivalent region in t4g(iii) rebonds more similarly to the C60 case, with 
the bond at b strengthening and the bond at a weakening. t4g(i) and t4g(ii) have 
adjacent bonds of similar nature over the region d , e and f while this equivalent 
region within t4g(iii) again rebonds more similarly to the C60 molecule with which 
it shares the ame local arrangement of pentagonal and hexagonal rings. Also the 
silicon carbon bonds that form between the cage and the w·face are stronger than 
for the other two orientations. 
The t4h config urat ions 
The three orientations of the C82 cage within the t4h configuration are displayed in 
figure 5.12. Double bonds form within the inner region at points a and c , at b we 
see a bond that lies roughly half way between being considered as single or double. 
This is ,·ery similar to what we ee for the C60 molecule in thi configuration. 
The th ree oricntations all have a consistent change in their Hessian cigenvalues 
that is propotional to their binding energy. Interestingly all three undergo much 
less change t.han t.he majority of the other configurations. 
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t4g(i) 
-1.48 eV 
0.330 
1.19 
(1. 17) 
t4g(iii) 
-2.68 eV 
0.236 
t4g(ii) 
-1.12 eV 
0.241 
Figure 5. 11: Bacler bonding ana lysis of the o ricnta.Lions of t he cage within lhe t 4g 
configura tion. 
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t4h(i) 
-1.00 eV 
0.122 
t4h(iii) 
-1.37eV 
e 
0.061 
(Ul) 
f 
t4h(ii) 
-2.14eV 
-0.330 
Figure 5.12: Bader bonding analysi. of the oricnta tions of the cage wit hin the t4h 
configurat ion. 
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The t4i configurations 
The tru:ee orientations of the C82 molecule within the t4i configuration are displayed 
in figure 5.13. This configuration seems to be qui te unfavourable for the C82 
molecule. As for C60 in this configuration we see a strong bond at point a , but 
unlike C60 the bonding is less clean around b and c within t4i(i) and t4i(ii). This 
region within t4i(iU) is much more similar to C60 with which it shares the same 
arrangement locally of pentagonal and hexagonal rings. t4i(iii) is also the most 
stable of the three configurations, although C60 is considerably more stable in this 
configuration. All three orientations have strong bonds forming at d and e which 
is the same for C6o . 
Also, all three have a change in their relevant Hessian eigenvalnes that is pro-
pOI·tional to their binding energy. 
104 
t4i(i) 
-0.71 eV 
0.240 
t4i(iii) 
-1.20 eV 
0.180 
t4i(ii) 
-1.13 eV 
0.191 
Figure 5.13: Bader bonding ana lysis of the orientations of the cage within the t4i 
configuration. 
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5.5 Conclusions 
Bad er analysis of the combined systems shows that the inner region containing the 
atoms that bond to the surface undergoes similar rebonding to the C60 molecule. 
However, the rebonding could also be described as much less 'clean' than for the 
C60 molecule, in particular in the second layer which is further from the bonding 
atoms. It is meant by this that there are many regions where there are many similar 
bonds adjacent to one another. These regions are much more common than for C60 
where adjacent bonds are much more distinct from one another. The rebonding 
for Ceo also tends to be much more symmetric than for the more complex C82 
molecule. 
Bader analysis also shows that the difference between the Hessian eigenvalues 
for the isolated cage and for the cage relaxed upon the surface of bonds lying in 
a certain region are indicative of the strength of interaction between the cage and 
the surface for a given configuration. These bonds lie just outside of the region 
that contains the atoms that bond to the surface. There are some outliers from 
this though, most of which can be explained by a weaker bond forming between the 
cage and the surface. This is sometimes within an orientation of the cage where 
there is little surrounding curvature, and this seems to inhibit the bond forming 
process slightly. 
The C82 molecule bonds to the Si (100) surface more weakly in the vast majority 
of cases than the C60 cage in the equivalent configuration. It was proposed by [17, 
18] that stronger binding energies were experienced for the C60 molecule when the 
bonding rearrangement was simpler and the work in the previous chapter appeared 
to confirm this. As the rebonding within the C82 molecule is less symmetric and 
more complex beyond the inner region, this agrees with the original theory. 
The C82 molecule suffers from the effects of BSSE to a larger degree than the 
C60 cage. This is due to the larger size of C82 and also the fact that there are 
many regions that contain less local curvature than the C60 cage, and this leaves 
larger regions of the C82 in close proximity to the surface, increasing the overlap 
of the basis sets and therefore the BSSE. This is shown by comparing binding 
energy results from both cages with the two different basis sets and in the same 
configuration. 
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Chapter 6 
Multiple fullerenes 
The behaviour of two C60 cages in very close proximity to one another upon the Si 
(100) surface has not been investigated before using ab initio methods. We wish 
to see how the presence of more than one cage upon the same surface affects the 
interactions between the cages and the surface and also the nature of the interaction 
between the cages. We will only be examining the t4 configurations here and will 
use t4x-t4y to represent the combination of configurations t4x and t4y with t4x 
to the left of t4y. These will be known as configuration combinations from here 
on in. Due to the C60 cages having a degree of commensurability with the lattice 
constant of silicon it is possible to place them in the same t4 configurations as 
seen before whilst having their neighbours bonded to the adjacent four dimers. 
This leaves the edges of the two cages very close and will allow us to investigate 
how this affects the nature of their interaction with the surface. This also means 
that separations are dictated by how the cages sit on the surface. We cannot for 
instance chose a separation and then place the cages down as they are unlikely to 
initially be in any meaningful configurations. Initial trials where the pairs of cages 
were placed further apart than described showed little difference when compared 
to isolated cases. The separations we are considering here are slightly smaller than 
those measured experimentally. This may mean that the experimental distances 
correspond to slightly different configuration combinations where the cages are 
not bound in the closest possible adsorption sites. It is hard to be sure of this 
though as the differences between the distances measured here and those measured 
experimentally are fairly small. 
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6.1 Possible combinations 
We will be considering the seven t4 configurations we have previously examined 
for C60 • There is more than one way of combining two fullerene configurations 
upon the surface. Each cage will have a region that is in close proximity to a 
region upon the other cage. Therefore the order that the cages are placed down 
will affect which regions these are. Also, rotation by 180° of a cage leaves it in a 
physically equal configuration with regards to the surface. This will however leave 
a different region next to the other cage. Figure 6.1 displays these possibilities. 
The two cages have the regions mid-way up the cage that will be closest to the 
other cage labelled as A, B, C and D. 
Figure 6.1: The above figure displays the different ways of placing the same two 
cages down upon the silicon surface. Part one shows the first way, which can be 
chosen arbitrarily and here has regions B and C closest. Part two shows the cage 
on the left after a rotation of 180° leaving A and C closest. Part three shows 
the cage on the right after a rotation of 180° leaving B and D closest, and part 
four shows both cages having been rotated by 180° leaving A and D closest. It is 
also possible to achieve the same results by swapping the order of the cages. For 
instance in part one if the cages were swapped we would then have an equivalent 
configuration combination to part four as regions A and D would be closest. 
The total amount of calculations necessary is reduced somewhat by the fact 
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that configurations t4b and t4c are symmetric and invariant upon a rotation of 
180°. Also, when we are dealing with two cages in the same configuration there are 
less possible ways to place them down. There are actually four different scenarios 
when dealing with configuration combinations. 
1. Non-equivalent non-symmetric configurations e.g. t4g-t4i. 
2. Equivalent non-symmetric configuraions e.g. t4g-t4g. 
3. One symmetric configuration, one non-symmetric configuration e.g. t4b-t4a. 
4. Symmetric configurations e.g. t4b-t4c. 
6.1.1 Scenario 1 
Scenario 1 involves two different configurations, neither of which is symmetric. 
The four ways they can be placed down are shown previously in figure 6.1. This 
scenario accounts for forty configuration combinations in total. 
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6.1.2 Scenario 2 
Scenario 2 is pictured in figure 6.2 and in this case the two fullerene molecules are 
in the same configuration but are not symmetric. This time we have three possible 
ways of arranging the cages. Rotation of these configurations brings different 
regions in close contact to one another giving us the three possibilities. There are 
a total of five non-symmetric fullerene molecules giving us fifteen configurations of 
this type. 
1. AB-AB as pictured in figure 6.2. 
2. BA-AB by rotating the cage to the left. 
3. AB-BA by rotating the cage on the right. 
Si (100) 
Figure 6.2: Equivalent non symmetric configurations which account for fifteen 
possible combinations of configurations. The above figure illustrates one of the 
three possible ways of placing two cages of the same non-symmetric configuration 
upon the surface. 
6.1.3 Scenario 3 
Scenario 3 is as pictured in figure 6.3 and consists of one symmetric configuration 
and one that is not symmetric. Thus we now only have two possible options. 
There are two configurations which are completely invariant to rotations of 180° 
and five which are not. This scenario therefore accounts for twenty configuration 
combinations. 
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1. AA-BC as pictured in figure 6.3. 
2. AA-CB by rotating the cage on the right. 
Si (1 00) 
Figure 6.3: A configuration combination containing one symmetric and one non-
symmetric configuration. There are twenty combinations of this type. 
6.1.4 Scenario 4 
Scenario 4 is as pictured in figure 6.4 and consists of two symmetric fullerene 
configurations. Clearly there is only one way of arranging combinations of cages 
of this nature, as whatever order we arrange them in or if we performed any 
rotations, region A will always be close to region B. This scenario only accounts 
for combinations of t4b and t4c. 
Three combinations of configurations fit this scenario. Therefore we have a 
total of seventy eight configurations of combinations to explore. These are shown in 
table 6.1 where rows indicate the cages to the left of those in the columns, rotations 
are acconted for. As t4b and t4c are the configurations that are symmetric and 
invariant upon a rotation of 180° we see fewer possibilities for these. All other 
entries have two possibilities except for those on the leading diagonal. 
6.2 Simulation Cell 
In order to keep the periodic repeats of the two fullerene cages upon the surface as 
far apart as possible, a new surface was designed. Our surface has non-orthogonal 
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c •• c .. 
Si (1 00) 
Figure 6.4: Symmetric configurations. There are only three possible calculations 
of this type as there are only two configurations that have the required level of 
symmetry. 
t4a t4b t4c t4d t4g t4h t4i 
t4a 3 1 1 2 2 2 2 
t4b 1 1 0 1 1 1 1 
t4c 1 1 1 1 1 1 1 
t4d 2 1 1 3 2 2 2 
t4g 2 1 1 2 3 2 2 
t4h 2 1 1 2 2 3 2 
t4i 2 1 1 2 2 2 3 
Table 6.1: The possible ways of arranging the two fullerene cages on the surface. 
The configurations at the top of the table are always placed to the right of those 
on the left hand side. The numbers indicate how many ways of placing these 
combinations upon the surface and include all possible rotations. This leads to 
a total of 78 possibilities. The zero appears due to this particular configuration 
combination containing the two symmetric configurations t4b and t4c. This is 
already accounted for by another entry. 
cell vectors and dimer rows that do not run perpendicular or at 45 degrees to 
the cell vectors. By careful consideration of the dimensions and cell vectors it is 
possible to produce a surface where the dimer row of the cell connects to a different 
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dimer row of a periodic repeat of the cell. This is highly advantageous to us as it 
maximises the distance between repeats of the fullerene cages without having to 
massively increase the amount of atoms in the cell. Figure 6.5 shows the silicon 
surface in isolation and figure 6.6 shows the cell repeated another three t imes, and 
with two fu llerene cages on each cell to demonstrate the sepamtion between them. 
In all other respects ow- surface remains the same as for those used for the single 
C6o case and the Ca2 case consisting of six layers of silicon atoms terminated at 
the bottom by hydrogen. The system now consists of a total of 504 atoms, which 
breaks down into 120 carbon atoms, 288 silicon atoms and 96 hydrogen atoms. As 
with the previous systems only the single r point is used for k-point sampling due 
to the large size of the system. 
Figm e 6.5: The new Si cell. The surface has been designed so t hat Lhe periodic 
boundary conditions cause t renches to line up with different dimer trenches in 
periodic repeats of the cell. This increases the distance between periodic repeats 
of the pairs of fullerene cages. 
The energies of the three different surfaces used for Lhe single C60 cage. the 
single C 2 cage and the one described here are displayed in table 6.2. We see that. 
although all three differ ignificantly in shape and size. they are fu ndamentally 
equivalent. , having very similar energies per atom. 
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Figure 6.6: Pairs of fullerene cages on the surface. Due to the design of the sw-face, 
different rows and t renches align with each other due to the periodic boundary 
condi tions. This has the effect of increasing the distance between pairs of cages 
that are effectively in the same t rench. 
Surface Energy (Ry) Energy per atom (Ry / a tom) 
CGo -796. 19 6.225 
Cs2 -1594.042 6.227 
2 xCGo -2390.995 6.226 
Table 6.2: Energies per atom for the three different silico11 surfaces used tlu·oughout 
this study. 
6.3 Method 
To set up a simulation, the two fullerene cages were placed onto the surface in 
positions that would lead to them binding to the cage in the desired configuration if 
in isolation. The cages are placed together so that there are no cl imer pairs between 
the t.wo, it would not be pos ible to put the cages down into t4 configurations that 
were any closer t,han those that we are considering here due to the geometry of 
the surface. This leaves the edges of the cages very close to each other cl ue to the 
high level of commensurability between the dimer pairs and the C60 cages. In some 
cases Loo close together fo r the calcula tion t.o be uccessful. Out of the 7 po sible 
combinations, were unsuccessful. 
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The presence of another cage in such close proximity had a varying effect upon 
each cage. Out of the seventy successful calculations, approximately half of them 
had the two fullerene cages relaxed into the exact desired configuration. Of the 
remaining half, most would finish with one of the cages in the right configuration 
with the other being very close to what was chosen but missing a bond due to a 
slight rotation or movement of the atoms that bind to the surface. Interestingly, it 
was most often the case that when there was a configuration that binds significantly 
more strongly than the other when in isolation, this would be the one that remained 
in the correct position. For instance in each case where the t4b configuration, which 
binds most strongly to the surface when in isolation, was within a configuration 
combination it bound to the surface exactly as it would in isolation. In some of 
these cases the other cage would bind in the desired manner, and in other cases 
it would not. Also the t4d configuration, which is the weakest when in isolation, 
was always the cage to move from its original position whilst the partner molecule 
remained in the correct configuration. The most significant change by far involved 
a combination of t4g and t4a. The cage that was placed so that it would relax into 
the t4g configuration actually relaxed into the t2d configuration, and was therefore 
only bound to two dimers. 
At the completion of a simulation the binding energy wa.S calculated as before 
for isolated molecules upon a surface. 
E(binding t4x-t4y) = E(t4x-t4y)- (2 x E(C60) + E(surface)) (6.1) 
By comparing E(binding t4x-t4y) to the sum of the binding energies of the cages 
in the configurations when isolated we can get a measure of how favourable the 
combination of the configurations is. 
E(t4x-t4y favourability) = E(binding t4x-t4y) 
-(E(binding t4x) + E(binding t4y)) (6.2) 
A positive energy therefore indicates that the combination of the configurations is 
less favourable than the two cages in isolation. The distance between the centres 
of mass of the cages was calculated at the end of each simulation. 
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6.4 Results 
The tables on the following pages show all of the results for the configuration com-
binations previously described. In tables 6.3 - 6.6, all cages are oriented without 
being rotated and thus account for the first 48 as described previously. Tables 6. 7 
- 6.10 contain results where one of the cages has been rotated and account for the 
other 30 results. Dashes indicate that a result was not successfully gained for the 
configuration combination. 
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t4a t4b 
Favourability I eV Separation I A Favourability I eV Separation I A 
t4a 0.61 9.18 1.15 9.34 
t4b 0.56 9.18 6.33 8.13 
t4c 3.33 8.67 2.78 9.07 
t4d 0.46 9.37 0.38 9.34 
t4g 0.43 9.29 1.22 9.18 
t4h 0.32 9.33 1.61 9.14 
t4i 0.40 9.24 1.36 9.26 
Table 6.3: The favourability of configuration combinations where t4a and t4b are 
placed to the right of the other configurations in the left most column. These do 
not involve any rotations. 
t4c t4d 
Favourability I eV Separation I A Favourability I e V Separation I A 
t4a 2.29 8.87 1.60 9.42 
t4b NIA NIA 1.00 9.26 
t4c 0.93 9.25 6.33 8.32 
t4d 0.93 8.95 0.53 8.86 
t4g 0.79 9.31 1.32 9.28 
t4h 2.32 8.77 14.10 8.05 
t4i 0.86 9.37 1.05 9.26 
Table 6.4: The favourability of configuration combinations with t4c and t4d posi-
tioned on the right of the other cage. These configuration combinations again do 
not involve any rotations of the cages. The t4b-t4c configuration is not necessary 
as it is equivalent to the t4c-t4b configuration combination which is in the previous 
table. 
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t4g t4h 
Favourability I eV Separation I A Favourability I eV Separation I A 
t4a 6.34 8.04 1.43 9.38 
t4b 0.70 9.25 0.90 9.23 
t4c 7.26 8.02 1.57 8.96 
t4d 0.62 9.17 - -
t4g 1.05 9.33 1.52 9.12 
t4h 0.67 9.21 1.18 9.01 
t4i - - 1.59 9.05 
Table 6.5: The favourability of configuration combinations with t4g and t4h posi-
tioned on the right of the other cage. There are no rotations of cages within these 
configuration combinations. 
t4i 
Favourability I e V Separation I A 
t4a - -
t4b 1.19 8.91 
t4c - -
t4d 7.46 7.98 
t4g 1.34 9.12 
t4h 1.63 8.98 
t4i 7.17 8.04 
Table 6.6: The favourability of configuration combinations with t4i positioned on 
the right of the other cage. All configurations are placed without being rotated. 
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t4a t4d 
Favourability I e V Separation I A Favourability I eV Separation I A 
t4a -0.033 9.47 - -
t4d 1.01 9.19 2.11 9.19 
t4g 0.098 9.33 0.49 9.26 
t4h 0.88 9.18 1.36 8.93 
t4i 0.21 9.33 1.45 9.05 
Table 6.7: The favourability of configuration combinations with t4a and t4d posi-
tioned on the right of the other cage. One cage has been rotated through 180°. 
t4g t4h 
Favourability I eV Separation I A Favourability I e V Separation I A 
t4a 1.19 9.33 1.80 9.14 
t4d 0.95 9.26 1.13 9.20 
t4g - - 1.11 9.22 
t4h 1.21 9.15 1.46 9.20 
t4i 0.21 9.23 - -
Table 6.8: The favourability of configuration combinations with t4g and t4h posi-
tioned on the right of the other cage. One cage has been rotated through 180°. 
t4i 
Favourability I eV Separation I A 
t4a - -
t4d 0.89 9.26 
t4g 1.64 8.93 
t4h 1.51 9.08 
t4i 0.99 9.22 
Table 6.9: The favourability of configuration combinations with t4i positioned on 
the right of the other cage. One cage has been rotated. 
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Favourability I eV Separation I A 
t4a-t4a 9.62 8.23 
t4d-t4d 1.09 9.02 
t4g-t4g 3.20 8.74 
t4h-t4h 1.21 9.08 
t4i-t4i 0.97 9.21 
Table 6.10: The five remaining configuration combinations that have not been 
accounted for. They all involve the rotation of one cage. 
It is clear from the results that very rarely are the combinations of configura-
tions more energetically favourable than when the cages are in isolation. In fact 
there is only one case from our 70 successful simulations where the system with 
two molecules upon the surface is more stable than the isolated cases, although 
the difference is so tiny for this case as to be negligible. 
We also see that as the cages sit further apart, the systems get more stable and 
this is displayed in figure 6. 7. Even at the furthest separations though, many of the 
systems are less stable by over 1 e V than for isolated molecules. This instability 
is indicative of the molecules wanting to be further apart. This is however, a 
separate issue from the behaviour between the molecules. It is the least stable 
systems that contain the cages which appear to interact more with one another. 
In these cases we see bonds form between the cages, and upon examination of the 
bond energies, lengths and orders it is apparent that many of these are reasonably 
strong, although there are no instances of any bonds stronger than the single bonds 
found in alkanes. Therefore the cages are clearly interacting with each other in 
some way and some energy would have to be put in to them to separate them 
again. 
An experimental study examined the separations of C60 molecules upon silicon 
[5]. When attempting to manipulate one molecule closer to another with an STM 
tip from an initial separation of 11.5 A, the closest they could get the cages was 
·10.9 A. This process results in one of the molecules moving over into an adjacent 
dimer row. The closest separation that they achieved between cages in the same 
trench was 11.5 A. This separation suggests that there was an extra set of dimers 
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Figure 6.7: Separation between ccnLres of mass of the C60 cages plotted aga inst the 
binding energy between the surface and substrates. The favourability is a compar-
ison between the combined configm ation combination and the isolated cases. T he 
configuration combinations that contain cages that interact mo!:it strongly with one 
another appear to have low separations and the most positive favourabilities. 
between the cages, i.e. they were not immediately next to each other. This would 
agree with our results that suggest that the systems are much more stable as the 
separations arc increased. 
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6.5 Bonding between cages 
t4h-t4d 
The most ignificant atomk rearrangement occurs between the t4h and t4d con-
figurations in the t4h-t4d combination, and tills is pictmed in figure 6.8. Atoms 
of part icular interest have been numbered to correlate with figure 6.9 which shows 
the region between the cages in more detail. 
Figure 6.8: Two fu llercnc cages in the t4h-t4d combina Lion. 
The region between the two cages has become very distorted and bears no 
resemblance to the isola ted cages. There are a few atoms that arc now bonded Lo 
four others rather than th ree. For instance for atom 1, the fom bonds are close in 
natme to what would be considered a ·pure· single bond within an alkane. Three 
of the bonds have lengths between 1.50 A and 1.52 A and there is a s lightly weaker 
bond between atoms 1 and 4 which has a length of 1.59 A. Atom 2 is originally 
bonded to 7, 12 and 14, the 12-2 bond breaks and atom 12 bonds Lo 1. 
There is some rather unusual behav iour seen with regards to atom 13 and 14 
that seems Lobe the main cause of t he large distortion of the struct. urc. Both atoms 
have a ll bonds broken from their original neighbours and end up only bonded to 
atoms from t.he other cage, <'ach in a. imilar fa hion. 
IntercsLingly, the struct.urcs seem Lo t ry to organise themselves into hexagonal 
and pentagona l rings where possibl<'. For instance Atoms 1. 2. 3. and 14 form a 
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distorted pentagon and atoms 1, 2, 5, 6, 7 and 12 form a distorted hexagon. There 
are also cases of three atoms forming triangular rings, in this case each of them 
involves atoms 13 or 14. 
It is interesting to compare this configw·ation combination to the other two 
that consist of t4h and t4d in an attempt to see why this particular combination is 
so much less favourable. The silicon carbon bonds that form are actually s lightly 
stronger for this combination t han for the two that are more favourable. When 
looking at the bond data for the carbon atoms alone though, it is seen that the 
total sum of the energies and orders is substantially less than for the other two 
which suggests that the cause fo r the unfavourability is due to the structure that 
the carbon atoms form being much less energetically favomable than two separate 
cages which is what we have for the other two configmations. 
Figure 6.9: A close up of the region that binds the cages together. Red circle. 
indicate atoms from the cage in the t4d configuration, blue circles represent atoms 
in Lhe l4h configurat ion. There i clearly a large di tortion of the cages within 
this region , the most significant being a toms thirteen and fourteen which end up 
being bonded only to atoms from the other cage. Distances between atoms are not 
necessarily representative of the bond lengths. The figure is drawn in this manner 
for clarity. 
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t4a-t4a 
Significant interaction is also seen when the two cages are in the t4a configuration 
with one rotated by 180° with respect to the other and this is shown in figm e 6.10. 
F igure 6.10: Two fullerene cages in the t4a-t4a combination. All of the s ix carbon-
carbon bonds form between atoms belonging to the same constituent atoms within 
each cage. H is also clearly visible from the figure that t he cage on the right is 
in the same configuration as the one on the left as there is a line of symmetry 
vertically directly through the centre of the region that interacts. 
This leaves two hexagonal rings facing each other and six bonds are then formed 
between Lhe atoms that cons t.itute these. Therefore a ll 12 atoms remain bonded 
to their original neighbours, buL more weakly. The rebonding within each cage is 
very symmetric. In figme 6.11 the two hexagonal ring are pictured. Atom one is 
originally only bonded to atoms two, three and fow· in the normal manner for a n 
isolated C60 cage. After the relaxation here, it becomes bow1d to atom fi ve a lso. 
The bond is weaker than any of the bonds seen in the iso lated cage, but is not 
insignificant. The bonds between atom one and a toms two and th ree weaken and 
are now very similar in terms of length and energy and now also become simila r to 
t he carbon-carbon bond fou nd in alkanes. Atom three bonds Lo atom one more 
strongly than any of the others and is similar in nature to what is regarded as a 
single bond in the isolated cage. This description is relevant for all of the atoms 
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within the hexagonal rings that bind to the neighbouring cage. 
The silicon-carbon bonds that form between the cage and the surface for this 
configuration combination are much weaker than for the other two configu ration 
combinations that involve two cages in the t4a configuration. Also, upon examina-
tion of the energies of the carbon-carbon bonds it is again seen that this structm·e 
is considerably less favourable than the other two. 
Figure 6.11: The above figme shows the region where the two fullerene cages bond 
to each other. Red atoms belong to one cage, blue to the other. The bonds between 
atoms two and three weaken enabling a bond to form between atoms one and five. 
The remaining bond between atoms one and three is stronger than l he others. 
This same bond ing pattern is witnessed for all of the atoms within the hexagonal 
rings of each cage. 
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t4c-t4g 
The t4c-t4g combin ation is shown in figure 6.12. There is a significant amount of 
distortion in the cages which is shown in more deta il in figure 6.13. 
Figure 6.12: Two fullerene cages in the t4c- t4g combination. The cages undergo 
significant atomic rearrangement at the region between the two. This is shown in 
more detai l in figure 6.13. 
As with the previously described itua tion \\'C witness carbon atoms forming 
four bonds with other atoms and t hcse bind the cage together. 'vVe see tha t four of 
the a toms from the cage in the t4c configuratiou and two from the cage in the t4e 
configura lion have a rranged themselves into a distorted hexagon and this accounts 
for two of the bonds between t he cages. The bonds within the hexagon a re weaker 
Lhan Lhose found in an i olated C60 cage, especia lly between atoms ten and four. 
This is unsurprising a. atom ten is bonded to four others and forms part of one 
of the triangular rings. The other triangular ring a lso contain a n atom tha t i 
bonded to four other and therefore the bonds within this ring a re also qui te weak. 
The aLoms wi t hi n t he cage tha t are two nearest neighboms away or more from the 
bonding region of the cage have changed very liLtle when compared lo t he i ola led 
cage. 
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As with the t4h-t4d configuration combination it is seen that the cages here 
have silicon carbon bonds that are comparable to the other combination containing 
cages in the t4c and t4g configurations. As for the previous two cases though the 
carbon bond data suggests strongly that the structure that results in this case is 
much less favourable than for two cages that are not bound together in any way. 
Figure 6. 13: The bonding between the two fu llerene cages in the t4c-t4g config-
uratiOJI. The bonding between the two cages forms a distorted hexagon between 
atoms four , six, seven. eight , nine and len. Two triangular rings arc formed be-
t \\"een atom three, fom and ten and seven. eight and eleYen. 
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t4a- t4g 
Two C60 molecules in the t4a and t4g configurations on the Si (100) surface can 
be seen in figure 6.14. Four bonds form between the two cages and the region 
containing these bonds is shown in figure 6.15. 
Figure 6.14: Two fullerene cages in the t4a-t4g combination. Four bonds between 
the cages can be seen, as well as the highly symmetrical natme of this con fi guration 
combination. 
These configurations are similar in the sense that they have the same region of 
the cage in close contact to the surface. The effect of this is that the regions of the 
cage tha t arc left next to each other arc equa l, but one is upside down with respect 
to the other. This causes the bonding between the cages to be highly symmetric, 
with t\YO bonds forming between each hexagon and pentagon. As we have seen in 
other examples, the atoms that bind the cage together now each have four carbon 
carbon bonds, three between the atoms t.hey were originally bound t.o with the 
extra bond being the bond between cages. In figure 6.15 atom one is originally 
bound to atoms three. fom ami five. Post-re l~-xation it is still bound to the e three 
but less strongly a nd a weak bond has formed to atom two. T his same situation 
is seen for each of t.he atoms involved in a bond between cages. 
Although there is much less movement of atoms than in some of the other cases 
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described here , there is still enough that the hexagons near the regions that bind 
together distort substantially. This is seen in 6.15 within the hexagon containing 
atoms one, four, five, six, seven and eight . It is also visible within figure 6.14. 
The silicon carbon bonds in this case are comparable to the other three con-
figuration combinations involving cages within the t4a and t4g configurations, al-
though one is very slightly weaker. Once again though, we see that the structure 
that forms is much le s favoura ble than when the two cages are not bound together. 
This is caused by the distortion in the cages at the region where the carbon bonds 
form between them. 
F igure 6.15: The above figure displays the bonding between the two cages. Blue 
atoms belong to the cage in t.he t4a configuration, reel ones to the t4g configuration. 
Four bonds form between the cages. The hexagonal ring formed b r atoms one. four, 
five. six , seven ru1d eight distorts substant ially. as does the one on the opposite side. 
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t4d-t4i a nd t4i-t4i 
T hese two configuration combinations bond together in an almost identical fashion. 
This is not surprising as the t4i and t4d configurations are very alike and therefore 
both combinations have their atoms in similar positions. Figure 6.16 shows the 
relaxed structure of the t4d-t4i configuration combination and figure 6.17 shows a 
close up of the region where the bonds form between the cages. 
Figure 6.16: Two fullerene cages in the t.4d-t.4.i combination . Blue circles represent 
atoms from the t4d configuration, red circles show atoms from the t4i configuration. 
Four bonds between the cages can be seen. 
Although t he cage does distort significantly, a ll atoms remain bonded to their 
original neighbours. The bonds that form between the two cages are all fairly \veak 
in these two cases. Atoms l and 5 form one of these bonds and a weakening of the 
bond between the e atoms and their other neighbours is seen. The three bonds 
between atom 1 and atoms 2. 3 and 4 are all very imilar in terms of length. energy 
and order. Bond lengths between cages in this instance are a ll fairly close with 
three between 1.69 A and 1.72 A and the bond between atoms 8 and 9 being slight ly 
horter at 1.65 A. Although these sound very long for carbon-carbon bonds, the 
bond orders and energies are not significantly lower. indicating t hat Lhese bonds 
are under a degree of train. 
\1\' hen both of these configm alion combinations are compared to the others that. 
share the same configuralious we see a similar picture as for the situations described 
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p reviously. The silicon carbon bonds that form do not vary much when compared 
to the favo ura bility of the configuration combination . The two least favourable 
configuration combinations descri bed here though have less favourable structmes 
when comparing theil" carbon carbon bonds to the relevant other configillations. 
Figure 6.17: The above fi gure disp lays the bonding between the two cages. Blue 
atoms belong to the cage in the L4d configuration, red ones to the t4i configuration. 
Four bond form between the cages. Both cage distort in order for t.he bonds Lo 
form but a ll atom remain bonded to their original neighbours. For atom 1. bonds 
between the atom. within the samC' cage weaken in order for the bond to form to 
atom 5. This same picture is seen for all a loms involved in bonding bet.wecn the 
cages. 
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6.6 Conclusions 
There is a clear trend between the separation of the two cages upon the silicon 
surface and the resulting favourability of the combination of the two configurations 
when compared to the two isolated cases. As the distance between the two cages 
reduces, the stability of the combined systems reduces. It is only possible though 
to put the cages upon the surface in the configurations described in the earlier 
chapters and this dictates the separation of the cages. It is not possible to choose 
a separation and necessarily produce a meaningful result. The unfavourability is 
down to the structures that the cages form and this indicates that at these separa-
tions some of the configuration combinations may be metastable. However, when 
the cages are moved to the next nearest possible distances from one another i.e. 
with a dimer pair between them, we see very little differenece between these and the 
isolated cases. When configuration combinations that are extremely unfavourable 
are compared to other more favourable ones that share the same configurations, 
we see that there is a distinct difference between the total energies of the carbon-
carbon bonds within the structures. This means that the carbon structures that 
form when the cages are very close together are less favourable than when there 
is more distance between them. This can be seen in the most severe cases, as the 
cages distort substantially and appear to be under significant amounts of strain. 
It is likely that the global minima are reached for the configuration combinations 
as the majority of the cages all relax successfully into the configurations we see for 
single cages upon the surface. 
Approximately half of the seventy successful calculations from a possible sev-
enty eight had the C60 molecules bound to the surface as desired. What is meant 
by this is that carbon-silicon bonds form between the correct atoms. Most of the 
bonds that form are weaker than those that form for the isolated configurations. 
Of the remaining half most had one cage in the correct configuration whilst the 
other had a minor difference, for instance a missing bond. Interestingly it was al-
most always the weaker isolated configuration of the pair that was effected in this 
manner, although this is less distinct when the binding energies for the separate 
cages are close together. The most substantial movement of a cage that was seen 
was when a cage placed so as to relax into the t4g configuration actually finished 
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in the t2d configuration. 
The separations that are possible to produce from the various combinations of 
t4 configurations range from just under 8 A to around 9.5 A. This is less than the 
separation reported for bulk C60 in [5] as 10.05 A. Within the same study, they also 
attempted to push one C6o molecule towards another with an STM tip and found 
that the closest they could get them was 10.9 A from an initial separation of 11.5 
A. In the process of the manipulation one of the cages jumps across a dimer row 
into the neighbouring dimer trench. It may be possible to examine the mechanisms 
behind this process further. 
Many of the pairs of cages form bonds between one another. The majority of 
these involve very simple rebonding but in two cases we see a very large atomic 
rearrangement. In these cases the atoms do still seem to arrange themselves as 
much as possible within hexagonal and pentagonal rings. The significance of these 
is that the rings contain atoms from both cages. Also three atom rings are seen on 
occasion. In all other cases we see significantly less rearrangement with each atom 
retaining the same nearest neighbours as the isolated case but potentiaJ!y having 
gained one from the other cage if it is involved in a bond between the two. 
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Chapter 7 
Conclusions 
The previous work from [17, 18, 19, 20] identifed four different groups of config-
urations that the C60 takes when sitting upon the Si (100) surface. These are 
within the dimer trench bonded to two or four dimers, known more succinctly as 
the t2 and t4 configuration groups, and upon the dimer row bonded to one or 
two dimers, the r1 and r2 groups of configurations. Within these groups there 
are different ways that the cage can be placed to bond to the requisite number of 
dimers. The previous studies agreed that the most stable configurations for the 
C60 molecule to take were within the r2 and t4 groups, as four bonds form between 
surface dimers and the fullerene cage, whereas only two form for the r 1 and t2 
groups. 
Ab-initio calculations have been performed here for ail t4 and r2 configurations 
identified by the previous studies. All of the original t4 and r2 configurations 
from [17, 18] were successfully recreated as were three of the six additional t4 
configurations from [19, 20]. Here though, we employed a more complete basis 
set than had been used previously to ascertain the effect that this would have 
on the basis set superposition error (BSSE), When compared to results from [19, 
20] where the BSSE had been estimated using the Boys-Bernardi counterpoise 
method and removed, there was a very good level of agreement. Although the more 
complete basis set is more computationally expensive it ensures that all quantities 
are unaffected by BSSE. Treating results a posteriori with the counterpoise method 
provides a revised binding energy, however other quantities remain contaminated 
by the effects of BSSE. 
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Bader bonding analysis was also employed here to examine in more detail the 
rebonding within the cage that occurs in order for it to bond to the surface. The 
bonding within the isolated cage is thus compared to the bonding within the region 
of the cage bound to the surface that contains the atoms bonded to silicon atoms. 
As expected, the isolated cage is found to have a highly uniform bonding pattern 
and each bond can be classified as either a 'single' or 'double' bond. Although 
when compared to the bonds within alkanes and alkenes it is apparent that there 
is a large degree of hybridisation. The rebonding is found to agree well with the 
previous studies. 
Bader charge analysis was also employed and considerably more charge was 
transferred from the silicon to the carbon atoms than was revealed with Mulliken 
population analysis. 
The complexity of the problem increases significantly as the symmetry of the 
molecule being modelled is reduced. As such the much less uniform C82 fullerene 
poses a bigger challenge. Upon examination of the isolated cage it is discovered 
that the bonds all lie somewhere between the two bonds in the C60 cage. 
The arrangement of the pentagonal and hexagonal rings causes problems when 
coming to place the C82 into a configuration upon the surface. With the C60 cage 
there is only one unique way of placing the cage, whereas there are many for the C82 . 
Therefore less configurations were examined for C82 , but each was performed three 
times, with the C82 molecule oriented differently each time. The orientations were 
distinguished by the amount of pentagonal rings present in the region surrounding 
the area containing the atoms that bind to the surface. This was chosen as the 
distinguishing factor as the pentagons bring the curvature to the cage, and with this 
there is an associated strain energy within the molecule. There was no correlation 
between the strength of interaction felt by the cage and surface and the amount 
of pentagons in this region. However, the binding energies for configurations were 
found to vary quite widely. When Bader analysis was performed upon the combined 
systems a universal region was located that contained bonds whose behaviour was 
key in determining the strength of the binding energy. When comparing the three 
results for a certain configuration, the most strongly bound would most often have 
considerably less change in the nature of these bonds than the more weakly bound 
orientations of the cage. 
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The rebonding within the cage was also examined and compared to C60 in 
the same configuration. The rebonding within the region of the cage containing 
the atoms that bind to the cage was always at least very similar to the C60 case. 
However, by the same token, the rebonding of the C82 is much less 'clean' than 
for the C60 • By this it is meant that after relaxation within a configuration, the 
weaker bonds within the C82 are not as weak as the equivalents within C60 and 
the stronger ones not as strong. There were also regions of delocalisation not seen 
for C60, although these were most often further from the binding region. 
The effect of having two C60 cages in very close proximity within the same dim er 
trench has also been studied. All possible combinations of cages in t4 configura-
tions were examined. The systems become much less favourable as the separation 
between the two cages decreases. It is not possible however, to arbitrarily choose 
a separation and perform a calculation. The separations are in fact dictated by 
the two configurations involved. 
The unfavourability of having fullerenes so close to each other agrees well with 
previous experimental work. Bulk fullerite is found to have an interrmolecular 
separation greater than the separations examined here. Also, it was found in [5] 
that when trying to manipulate a C60 cage towards another within the same trench, 
one of the molecules would hop over a dimer row into an adjacent dimer trench. 
The closest they could get two molecules within the same trench was again greater 
than the separations examined here. 
The molecules often appeared to interact to a degree with one another. Often 
bonds would form between them, on occassion up to six reasonably strong cova-
lent bonds were seen between cages. In two cases the molecules interacted to the 
degree that their cages became very distorted. Some atoms in these cases lost 
their original nearest neighbours and gained new ones. Interestingly, the struc-
tures always seemed keen to form hexagonal and pentagonal rings where possible, 
although many of these were very distorted. 
It is hard to say which configuration combinations are most likely to be seen 
physically. It may be a combination of the binding energy for a given system and 
the favourability of the configuration combination when compared to the isolated 
cases. The developments in the identification of configurations in experiments will 
shed a lot more light on this matter. 
136 
7.1 Future work 
As a great deal of the motivation behind exploring systems of this nature arises 
from the potential to use endohedral fullerenes as qubits within quantum com-
puters, it would be logical to extend this work by modelling endohedral fullerenes 
upon Si (100). It is currently felt that the presence of an endohedral atom within 
a cage has little effect upon the encapsulating fullerene cage, although there are 
very few studies that have examined this in any detail. 
It would also be useful to see how fullerene cages behave when there are more 
than one upon the same dimer row or when there are combinations of row and 
trench configurations, or cages which are in neighbouring trenches. It would also 
be interesting to see how two fullerene cages behave when they are brought closer 
together from a starting point of infinity without the presence of a surface. This 
could offer more insight and explanation into their behaviour when placed together 
on a surface. 
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